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Abstract 

The generalized version of the relativistic field theory model of the deuteron 
(RFMD) is applied to the description of processes of astrophysical interest and 
low-energy elastic NN scattering. The value of the astrophysical factor <S PP (0) = 
5.52 x 10~ 25 MeVb for the solar proton burning p + p —* D + e + + v e is found 
to be enhanced by a factor of 1.42 with respect to the classical value -Sp p (0) = 
3.89 x 10 -25 MeVb obtained by Kamionkowski and Bahcall in the potential model 
approach (PMA). The astrophysical aspects of this enhancement are discussed. The 
cross sections for the disintegration of the deuteron by (anti-) neutrinos v e + D —* 
c~ + p + p, v e + D — > e + + n + n and is e (D e ) + D — > v e {u e ) + n + p are calculated 
for the energies of v e {ve) ranging from thresholds up to lOMeV. The results are 
discussed in comparison with the PMA data. The cross sections for v c + D — * e + 
+ n + n and P + D^P e + n + p averaged over the reactor anti-neutrino energy 
spectrum agree well with experimental data. The astrophysical factor S pep (0) for 
the process p + e~ + p — > f e + D (or pep-process) is calculated relative to <S PP (0) 
in complete agreement with the result obtained by Bahcall and May. The reaction 
rate for the neutron-proton radiative capture is calculated in agreement with the 
PMA result obtained for pure Ml transition. It is shown that in the RFMD one can 
describe low-energy elastic NN scattering in complete agreement with low-energy 
nuclear phenomenology. 
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1 Introduction 



The relativistic field theory model of the deuteron (RFMD) suggested in Refs. [1-4] gives 
a new approach to the description of strong low-energy interactions of hadrons and light 
nuclei. The basis of the model is the one-nucleon loop origin of a physical deuteron 
produced by low-energy fluctuations of the proton and the neutron. This imposes the 
constraint for the deuteron to be coupled to itself and other particles through the one- 
nucleon loop exchanges only. In terms of one-nucleon loop exchanges we describe in the 
RFMD a non-trivial wave function of the relative movement of the nucleons inside the 
deuteron. 

For the description of the low-energy processes of the deuteron coupled to the nucleon- 
nucleon (NN) system in the 1 So-state we have postulated the effective local four-nucleon 
interaction [2,4] 



1 1 1 1 

x{[n(t,x + -p)j^Tp c (t, x - -p)\ [p c (t, x + -p )7^7 5 n(t, x - -p)] 

+ - [n{t, x + X -p h^ 5 n c (t, x - -p)\ [n c (t, x + -p )-ffn(t, x - -p)\ 

11 1 _ 1 1 

+- [p(t, x + -p )7 m tV (t, x - -p)} [p c (t, x + -p )7 M 7 5 P(^, % - 2^)] 

+ (7^7 5 ®7V^7 5 ®7 5 )}, (1-1) 

where n(t,x ± ^p) and p(t,x ± |p) are the operators of the neutron and the proton 
interpolating fields, p is a radius-vector of a relative movement, n c (t, x±|p) = Cn T (t, x± 
\p), etc. The effective coupling constant G^nn is defined by 

G.nn = §S- 2J W R = 3 ' 27 x 10_3 MeV " 2 ' (1-2) 
4M^ M N 

where ^nn = 13.4 [5] is the coupling constant of the 7rNN interaction, M v = 135 MeV is 
the pion mass, M p = M n = = 940 MeV is the mass of the proton and the neutron 
neglecting the electromagnetic mass difference and a np = (—23.748 ± 0.010) fm is the 
scattering length of the np scattering in the 1 S -state [5]. 

The first term in the effective coupling constant G^nn is caused by the one-pion 
exchange, whereas the second is a phenomenological one representing the collective con- 



tribution of heavy meson exchanges [4]. The effective interaction Eq. (LI) is written in 
the isotopically invariant form, and the coupling constant GVnn can be never equal zero 
at a np 7^ due to negative value of a np imposed by nuclear forces [6]. 

In Refs. [2,4] the RFMD supplemented by the effective local four-nucleon interaction 
Eq. ( p. . 1| ) has been applied to calculation of the cross sections for the neutron-proton 
radiative capture n + p — >• D + 7 for thermal neutrons and the photomagnetic disinte- 
gration of the deuteron 7 + D — >• n + p, being the inverse process for the neutron-proton 
radiative capture, the astrophysical factor for the solar proton burning p + p — > D + e + 
+ u e and the cross section for the disintegration of the deuteron by anti-neutrinos v e + 
D — ► e + + n + n. The former process due to charge independence of weak interaction 
strength is valued as a terrestrial equivalent of the solar proton burning. The obtained 
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results have been found in agreement with the potential model approach (PMA) within 
an accuracy better than 10%. For example, for the astrophysical factor of the solar proton 
burning we have found the value 5 , pp (0) = 4.02 x 10~ 25 MeVb 1 which agrees well with the 
classical value 5*^(0) = 3.89 x 10~ 25 MeVb obtained by Kamionkowski and Bahcall [7] 
in the PMA (see also Refs. [8,9]) and the value S* p (0) = 4.05 x 10~ 25 MeVb calculated 
in the Effective Field Theory (EFT) approach [10-12] by Park et al. [13]. 

The main problem which has been encountered for the calculation of the astrophysical 
factor S'pp(O) through the local four-nucleon interaction Eq. ( |1 . 1|) lays in the impossibility 
to describe the Coulomb repulsion between the protons. The Coulomb repulsion has 
been taken into account in terms of the Gamow penetration factor only, and, apart from 
the weak interactions, the obtained value of the astrophysical factor 5 , pp (0) = 4.02 x 
10 _25 MeVb is caused by strong low-energy nuclear forces. However, as has been stated 
by Kamionkowski and Bahcall [7] the Coulomb repulsion between the protons should give 
an important contribution to the amplitude of the process p + p — > D + e + + u e . Indeed, 
more than 60% of the value S^O) = 3.89 x 10~ 25 MeVb are defined by the Coulomb 
repulsion between the protons [7]. Therefore, if only due to strong low-energy nuclear 
forces the RFMD predicts the value of the astrophysical factor comparable with that 
obtained by Kamionkowski and Bahcall [7], where more than 60% of the magnitude are 
caused by the Coulomb repulsion between the protons, so accounting for the Coulomb 
repulsion between the protons one can expect to get an enhancement with respect to the 
values of the astrophysical factor calculated in the PMA and the EFT approach [7-9,13]. 

In this paper we develop a generalized version of the RFMD [1-4] admitting the 
description of the Coulomb repulsion of between the protons for the solar proton burning in 
terms of the explicit Coulomb wave function. The modification of the model is connected 
with the replacement of the ^-potential S^ 3 '(p) in the effective four-nucleon interaction 
by a smeared one. The reason of this smearing is in the following. A relative movement of 
the protons in the process p + p^D + e + + ^ e should be described in terms of the exact 
Coulomb wave function. This wave function contains a regular and an irregular solution 
of Schrodinger equation [7-9]. Since, as we show below, the main contribution comes from 
the irregular solution, a 5-function interaction should lead to unphysical singularities and 
should be smeared: 

W[p)^U{p\ (1.3) 

For the description of the NN system strongly coupled in the 1 S -states we propose to 
use the effective Yukawa potential defined by one-pion exchange, i.e., 

M 2 e ~ M *P 

Making a change 5^(p) — > U(p) in Eq. ( |1.1| ) we arrive at the interaction 
AT^V) = GVnn Jd 3 pU(p) 

1 In order to get this numerical value of the astrophysical factor S pp (0) we have to multiply the 
astrophysical factor SS pp (0) calculated in [2] (Erratum) by a factor 2 caused by the symmetrization of 
the wave function of the protons in the initial state. For the detailed calculations of the amplitude of the 
solar proton burning we relegate readers to Appendix C of this paper and Appendix A of Ref . [4] . 
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x{[n{t,x+^p)j^ b p c (t,x- ^p)}[p c (t,x + ^p)-f^ 5 n(t,x- ^p)} 
+ \ [n{t,x+ ^p)7 M 7 5 n c (t,x - ^p)}[n c (t,x + ^p)^j 5 n(t,x- ^p)} 

+\ \P(t, x + ^Ph^l 5 p c (t, x - ~p )] [p c (t, x + ~p)Yj 5 p(t, x - -p)\ 

+(7,7 5 ®7V^7 5 ®7 5 )} 1 (1-5) 

Such a modification means that for the description of strong low-energy NN interactions 
we take into account the one-pion exchange in the form of the Yukawa potential and 
assume that the contribution of heavy meson exchanges has the range and the shape of the 
Yukawa potential defined by the one-pion exchange. This is not very strong assumption 
if to take into account that the spatial region of the proton and the neutron fluctuations 
forming the physical deuteron coincides with the range of the Yukawa potential defined 
by the one-pion exchange (see Appendix A). 

Then, we would like to implicate more nuclear phenomenology for the definition of 
the effective coupling constants caused by heavy meson exchange contributions. We have 
expressed these contributions in terms of the S-wave scattering length a np of the np scat- 
tering in the 1 So-state. However, from low-energy elastic NN scattering phenomenology 
it is known that the S-wave scattering lengths of the np, nn and pp scattering in the 
1 So-states caused by nuclear forces differ each other. The experimental values of them 
amount to [5]: 

a np = (-23.748 ± 0.010) fm, 
a nn = (-16.40 ± 0.09) fm 

a pp = (-17.10 ± 0.20) fm. (1.6) 

In order to employ these data in the RFMD we suggest to use the values of the scattering 
lengths Eq. (|1.6j ) for the definition of numerical values of heavy meson exchange contri- 
butions to different channels of NN scattering. By virtue of this the resultant effective 
four-nucleon interaction should read 



£* ff M (*)= jd*pU{ P ) 



1 1_1 1 

x{G mp [n(t,x + -ph^ 5 p c (t,x- -p)]\p c (t,x + -p)^n{t,x- -p)} 

+ -G TOn [fi(t,x + ^p)l^ 5 n c (t,x - ^p)][n c (t,x + ^p)^ 5 n(t,x- ^p)} 

+ \ G^vv [P(*. x + -ph^ 5 p c (t, x - ^p)} [p c {t, x + ^p)Yl 5 p{t, x - -p)\ 

+ (7m7 5 ®7V ^7 5 ®7 5 )}, (1.7) 
where the effective coupling constants G nnp , G„ n and G^pp are determined as 

G ™p = ^-^ = 3.27xKT 3 MeV- 2 , 
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calculated for the S-wave scattering lengths given by Eq. ( |1.6|) . Thus, for the description 
of the NN system in the 1 So-state coupled at low energies to the deuteron we will use 
below the effective four-nucleon interaction given by Eq. (|1.7|) with the effective coupling 



constants defined by Eq. (|1.8|). 



The process of the solar proton burning p + p — > D + e + + u e is closely related to 
processes of disintegration of the deuteron by neutrinos and anti-neutrinos v e + D — > e~ 
+ p + p, z/ e + D^e + + n + n and z/ e (z/ e ) + D — > z/ e (z/ e ) + n + p. Since these reactions 
are governed by the same dynamics of strong low-energy nuclear forces, we apply the 
generalized RFMDQ to the computation of the cross sections for the reactions u e + D — > 
e~ + p + p, u c + D — > e + + n + n and u e (u e ) + D — > u e (u e ) + n + p for energies of 
neutrinos and anti-neutrinos ranging from thresholds up to 10 MeV. 

The paper is organized as follows. In Sect. 2 we discuss the RFMD in outline and 
draw similarity between the RFMD and effective quark models motivated by QCD applied 
to the derivation of Effective Chiral Lagrangians with chiral U(3) x U (3) symmetry. In 
Sect. 3 we discuss the wave function of the relative movement of two protons accounting 
for the Coulomb repulsion. In Sect. 4 we compute the astrophysical factor for the solar 
proton burning. We give the value 5 , pp (0) = 5.52 x 10~ 25 MeVb which is enhanced by a 
factor of 1.42 with respect to the classical value S* (0) = 3.89 x 10~ 25 MeVb obtained by 
Kamionkowski and Bahcall in the PMA. In Sect. 5 we discuss astrophysical consequences 
of such an enhancement and estimate the solar neutrino fluxes. In Sect. 6 we calculate the 
cross section for the process v e + D — > e~ + p + p. In Sect. 7 we derive the astrophysical 
factor S'pep(O) for the process p + e~ + p — > u c + D (or pep-process) by using the cross 
section for the process of u e + D — > e~ + p + p calculated in Sect. 6 and the astrophysical 
factor Spp(0) obtained in Sect. 4. We give the ratio S pep (0)/S pp (0) in complete agreement 
with the result obtained by Bahcall and May. In Sects. 8 and 9 we calculate the cross 
sections for the processes z/ e + D^e + + n + n and v e (v e ) + D — > v c {v c ) + n + p caused 
by the charged and neutral weak currents, respectively. Our results for the cross sections 
for the processes of the disintegration of the deuteron by neutrinos and anti-neutrinos can 
be applied to the analysis of solar neutrino experiments at Sudbury Neutrino Observatory 
(SNO) [14]. In Sect. 10 we calculate the reaction rate for the neutron-proton radiative 
capture n + p — > D + 7 for thermal neutrons caused by pure Ml transition. We find a 
complete agreement with our former result obtained in Refs. [2,4] and the PMA. In Sect. 11 
we show that in the RFMD one can describe low-energy elastic NN scattering in terms 
of the S-wave scattering length and the effective range in complete agreement with low- 
energy nuclear phenomenology. This confutes the critique by Bahcall and Kamionkowski 
[15] that the RFMD is unable to describe low-energy elastic NN scattering with non-zero 
effective range. In Conclusion we discuss the obtained results and outline the perspectives 
and further applications of the RFMD. In Appendix A we calculate the binding energy of 
the deuteron in one- and two-nucleon loop approximation and reestimate the theoretical 
uncertainty of the model. We find now that the theoretical uncertainty of the RFMD 
is not more than 9.5% for amplitudes and, correspondingly, 19% for cross sections. In 
Appendix B we derive the effective four-nucleon interaction of Eq. ( |1 . 1| ) . In Appendix C, 
D and E we give detailed calculations of the matrix elements of the solar proton burning, 
the process ^ e + D^e"+p + p and the process u e + D — > u c + n + p, respectively. The 

2 Below we retain the abbreviation the RFMD for the generalized version of the RFMD. 
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computation of the matrix element of the process u e + D — > e + + n + n is analogous to 
the process u e + D — > e~ + p + p. In Appendix F we calculate in details the amplitude 
of the neutron-proton radiative capture. In Appendix G we show how to calculate in 
the quantum field theory approach like the RFMD the cross sections for the low-energy 
elastic pp and np scattering caused by strong local four-nucleon interaction. In Appendix 
H we calculate the amplitude and the cross section for the process u e + D — > e + + n + 
n near threshold by applying the local four-nucleon interaction Eq. ( |1.1|) [2,4]. 



2 Outline of the RFMD 

The RFMD describing strong low-energy nuclear interactions of the deuteron coupled to 
nucleons and other particles through one-nucleon loop exchanges suggests dynamics of 
strong low-energy nuclear forces completely different to the PMA and the EFT approach 
but very similar to dynamics of effective quark models motivated by QCD like the ex- 
tended Nambu-Jona-Lasinio (ENJL) model with chiral U(3) x U(3) symmetry [16-19] 
applied to the derivation of Effective Chiral Lagrangians [20-22] . 

In the RFMD the deuteron is represented by a local field operator -D^(x) (or D^x)), 
the action of which on a vacuum state annihilates (or creates) the deuteron. All low- 
energy interactions come through the one-nucleon loop exchanges. The nucleon-deuteron 
vertices in the one-nucleon loop diagrams are point-like and defined by a phenomeno- 
logical local conserving nucleon current J^(x) = — igvlp^^n ^) — n(x) n f fl p c (x)}, i.e., 
d^J^(x) = 0, accounting for spinorial and isotopical properties of the deuteron, and gy is 
a dimensionless phenomenological coupling constant. The virtual nucleons are described 
by Green functions of free nucleons and anti-nucleons with a constant mass Mjj. 

In order to couple to the deuteron through the one-nucleon loop exchange the nucleons 
should pass through intermediate interactions providing low-energy transitions N + N — > 
N + N. For the description of the NN system coupled in the 1 So-state to the deuteron we 
apply a low-energy four-nucleon interaction given by Eq. ( |1 . 1| ) and Eq. ( |1.7| ), where the 
one-pion exchange plays a dominant role [2,4]. The former distinguishes the RFMD from 
the PMA and the EFT approach, where for the correct description of low-energy nuclear 
forces there should be introduced a phenomenological NN potential, for instance, the 
Argonne fig [23], and the one-pion exchange contribution is taken only as a perturbation. 
Indeed, in power counting [9-11] the interaction induced by the one-pion exchange is of 
order 0(k 2 ), where k is a relative momentum of the NN system. This behaviour is caused 
by the 7 5 matrix due to which large components of Dirac bispinors of wave functions of 
interacting nucleons become suppressed and only small components are material. The 
phenomenological part of the effective four-nucleon interactions Eq. ( |1.1| ) and Eq. ( |1 . 7| ) is 



expressed in terms of the S-wave scattering lengths of low-energy elastic NN scattering in 
the form accepted in the EFT approach [9-11]. The appearance of this part is motivated 
by heavy meson exchange contributions [4]. This phenomenological part of the effective 
four-nucleon interaction makes up less than 33% of the one-pion exchange contribution. 
Such a dominant role of the one-pion exchange is completely a peculiarity of dynamics of 
the one-nucleon loop exchanges related to one-fermion loop anomalies [2,4, 24-26]. 

Indeed, the effective Lagrangian Eq. (|1.1| ) and, correspondingly, Eq. ( |1.7| ) taken in 
the low-energy limit vanishes due to the reduction [N(x)^f^ 5 N c (y)][N c (y) , y fl 'y 5 N(x)] — > 
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-[Af(x)7 5 N%)][Af c (y)7 5 Af(x)] or shortly 7 M 7 5 (g) 7^ -> -7 5 ® 7 s (see Eq. (C.41) and 
Eq. (D.22)). This agrees with the vanishing of the one-pion exchange contribution to 
the NN potential in the low-energy limit. Hence, the effective four-nucleon interactions 
Eq. ( |f . f | ) and Eq. ( |1.7| ) applied in the tree-approximation to the description of the NN 
system coupled to the deuteron would scarcely give a significant contribution compared 
with the PMA and the EFT approach. However, due to the one-nucleon loop approach the 
contributions of the interactions 7 M 7 5 ®7 /i 7 5 and 7 s ®7 5 to amplitudes of nuclear processes 
are different and do not cancel each other in the low-energy limit. For instance, in the 
case of the neutron-proton radiative capture and the photomagnetic disintegration of 
the deuteron the amplitudes of the processes are defined by the triangle one-nucleon loop 
diagrams with AVV (axial-vector-vector) and PVV (pseudoscalar-vector-vector) vertices 
[2,4] caused by 7^7 5 <8> 7^7 5 and 7 s <S> 7 5 interactions, respectively. These diagrams are 
well-known in particle physics in connection with the Adler-Bell-Jackiw axial anomaly 
[24] which plays a dominant role for the processes of the decays tt° —>■ 77, uj — > 7r°7 and 
so on [24-26]. Since the results of the calculation of these diagrams differ each other, 
they give different contributions to the amplitudes of the processes and do not cancel 
themselves in the low-energy limit. Then, the amplitudes of the solar proton burning 
and the anti-neutrino disintegration of the deuteron are defined by the one-nucleon loop 
diagrams with AAV and APV vertices caused by 7 M 7 5 ® 7^7 5 and 7 5 ® 7 s interactions, 
respectively [2,4]. The contribution of the diagrams with APV vertices, calculated for 
the local four-nucleon interactions Eq. ( |1.1|) , turns out to be divergent and, therefore, 
negligibly small in comparison with the contribution of the diagrams with AAV vertices 
[2,4], which contains a non-trivial convergent part related to one-fermion loop anomalies 
[2,4,25]. In the case of the four-nucleon interactions given by Eq. ( |1.7| ) the contribution 
of the diagrams with PAV vertices is convergent and cancels partly the contribution of 
the diagrams with AAV vertices (see Appendix C). 

The main problem which we encounter for the practical realization of the derivation of 
effective Lagrangians of low-energy interactions of the deuteron coupled to nucleons and 
other particles through the one-nucleon loop exchanges lies in the necessity to satisfy re- 
quirement of locality of these interactions related to the condition of microscopic causality 
in a quantum field theory approach [27]. Since in the RFMD one-nucleon loop diagrams 
are defined by the point-like vertices and the Green functions of free virtual nucleons 
with constant masses, there is only a naive way to satisfy to requirement of locality of 
effective interactions through a formal application of a long- wavelength approximation 
to the computation of one-nucleon loop diagrams [2,4]. This approximation implies the 
expansion of one-nucleon loop diagrams in powers of external momenta by keeping only 
leading terms of the expansion. Of course, the application of such an approximation to 
the computation of one-nucleon loop diagrams, when on-mass shell the energy of the 
deuteron exceeds twice the masses of virtual nucleons, can seem rather unjustified. 

However, in this connection we would like to recall that the analogous problem en- 
counters itself for the derivation of Effective Chiral Lagrangians [20,21] within effective 
quark models motivated by QCD like the ENJL model with chiral U(3) x U(3) symme- 
try [16-19]. Indeed, all phenomenological low-energy interactions predicted by Effective 
Chiral Lagrangians [20,21] for the nonet of vector mesons (p(770), u;(780) and so on) can 
be derived within the ENJL model by calculating one-constituent quark loop diagrams 
at leading order in the long-wavelength approximation. As has turned out the long- 



7 



wavelength approximation works very good in spite of the fact that the constituent quark 
loop diagrams are defined by point-like vertices of quark-meson interactions and Green 
functions of free constituent quarks with constant masses M q ~ 330 MeV, and, moreover, 
the masses of vector mesons exceed twice the constituent quark mass. A formal justifi- 
cation of the validity of the long-wavelength approximation can be given by attracting 
the Vector Dominance (VD) hypothesis [20,28] due to which the effective vertices of low- 
energy interactions of vector mesons should be smooth functions of squared J^-momenta 
of interacting mesons varying from on-mass shell to zero values. Due to this hypothesis 
one can calculate the vertices of low-energy interactions of vector mesons keeping them 
off-mass shell around zero values of their squared momenta [28], and then, having had 
kept leading terms of the long-wavelength expansion, continue the resultant expression 
on-mass shell. Such a procedure describes perfectly well [16-19] all phenomenological ver- 
tices of low-energy interactions of vector mesons predicted by Effective Chiral Lagrangians 
[20,21]. 

One cannot say exactly, whether we really have in the RFMD some kind of the VD 
hypothesis, i.e., smooth dependence of effective low-energy interactions of the deuteron 
coupled to other particles on squared 4-momenta of interacting external particles in- 
cluding the deuteron. However, the application of the long- wavelength approximation 
to the computation of one-nucleon loop diagrams leads eventually to effective local La- 
grangians describing reasonably well dynamics of strong low-energy nuclear interactions. 
The static parameters of the deuteron and amplitudes of strong low-energy interactions 
of the deuteron coupled to nucleons and other particles can be described in the RFMD 
in complete agreement with the philosophy and technique of the derivation of Effective 
Chiral Lagrangians within effective quark models motivated by QCD. 

The agreement between the reaction rates for the neutron-proton radiative capture, 
caused by pure Ml transition, calculated in the RFMD and the PMA is not surprising 
[2,4]. Indeed, it is known from particle physics that the radiative decays of pseudoscalar 
and vector mesons like 7r° — > 77, uj — > 7r°7 and so on, caused by Ml transitions, can be 
computed both in the non-relativistic quark model [29], which is some kind of the PMA, 
and in the Effective Chiral Lagrangian approach [21]. In the non-relativistic quark model 
the matrix elements of these decays are given in terms of magnetic moments of constituent 
quarks proportional to 1/M q , whereas in the Effective Chiral Lagrangian approach they 
are defined by the axial anomaly and proportional to 1/F n , the inverse power of the PCAC 
constant F n = 92.4 MeV [24,30]. Equating the matrix elements of these decays calculated 
in the non-relativistic quark model and in the Effective Chiral Lagrangian approach one 
can express a constituent quark mass in terms of the PCAC constant F n [30]. The 
estimated value of the constituent quark mass M q ~ 400 MeV [30] is comparable with 
the values M q = 330 -7- 380 MeV accepted in the literature [28]. This testifies that both 
the non-relativistic quark model and the Effective Chiral Lagrangian approach describe 
equally well dynamics of strong low-energy interactions of low-lying mesons even if for 
the decays caused by Ml transitions. Referring to this example the agreement between 
the reaction rates for the neutron-proton radiative capture calculated in the RFMD and 
in the PMA, respectively, is understandable. Our prediction for the astrophysical factor 
value S'pp(O) = 4.02 x 10~ 25 MeVb for the solar proton burning [2,4] is rather promising. 
Indeed, it agrees very good with the classical result 5' pp (0) = 3.89 x 10" 25 MeVb obtained 
by Kamionkowski and Bahcall [7] in spite of the Coulomb repulsion has been taken into 
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account in the form of the Gamow penetration factor only. However, as has been claimed 
by Kamionkowski and Bahcall [7] the Coulomb repulsion defines more than 60% of the 
value of the astrophysical factor. Hence, one can expect that the implication of the 
Coulomb repulsion between the protons in terms of the explicit Coulomb wave function 
that we intend to do in the generalized RFMD should provide an enhancement of the 
astrophysical factor value compared with the classical result. 

3 Wave function of relative movement of two protons 
for solar proton burning 

For the description of the relative movement of the protons for the process of the solar 
proton burning we need the wave functions ip pp (p)m and ip pp (p) ut of two protons in the 
initial and the final (inside the one-nucleon loop) scattering states, respectively. Following 
Ref. [8] these wave functions are normalized per unit density at infinity. In the RFMD 
the amplitude of the solar proton burning contains the vertex of the transition p + p — > 
p + p defined by the integral 

J tfWpp(p)out Vw(p)in- (3.1) 

For the construction of the wave function ip pp (p)- U i we have to take into account the 
Coulomb repulsion between the protons. Since in the initial state the protons couple at 
low energies the wave function / pp (p)i n can be written in the form [7-9] 

V(p)m = C(r ? )^P$(p), (3.2) 

where C{rj) is the Gamow penetration factor defined as 



2-nrj 



\ e 2 ^ - 



27r?7e _7r7 7 (3.3) 



depending on the relative velocity of the protons vasi] = a/vaiv— > and a = 1/137, the 
fine structure constant, then a* p = (—7.828 ± 0.008) fm is the S-wave scattering length of 
the pp scattering in the 1 So-state accounting for the Coulomb repulsion [5]. The function 
$(p) is given by [7-9,31] 

$(p) = 2^K l {2^) - 1^^1,(2^), (3.4) 

a pp 

where x = p/r c , r c = l/M N a = 28.82 fm, and Ki(2y/x) and Ii(2y/x) are Modified 
Bessel functions related to the irregular and regular solutions of Schrodinger equation, 
respectively. 

Since, as it is shown below, in the one-nucleon loop diagram the main contribution 
comes from high virtual momenta, the Coulomb repulsion between protons can be included 
perturbatively. In leading order the wave function ip pp (p) nt can be taken in the form of 

— * — * 

a plane wave, i.e., ip pp (p ) Q ut = exp(ik ■ p), where A; is a relative momentum of the protons. 
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4 Astrophysical factor for solar proton burning 



In the RFMD the amplitude of the solar proton burning is defined by one-nucleon loop 
diagrams and reads [2,4] (see Appendix C): 

iM(j> + p - D + e + + u e ) = - C(rj) 9A M N | ^ ^ 

x e ;(k D ) [u(k c )y(i - i>(k c+ )} [« c (p2)7VpO], (4.i) 

where G v = G F costf c with G F = 1.166 x 1CT 11 MeV~ 2 and tf c are is the Fermi weak 
coupling constant and the Cabibbo angle cos$c = 0.975. Then g& = 1.260 ± 0.012 
describes the renormalization of the weak axial hadron current by strong interactions 
[5], g\ is the effective coupling constant of the RFMD related to the electric quadrupole 
moment of the deuteron: g\ = 2vr 2 Q D M^ [2] with Q D = 0.286 fm 2 [5], e*(£; D ) is a 4- 
vector of a polarization of the deuteron and u(k Ve ), v(k e +), u c (p2) and u(pi) are the Dirac 
bispinors of the neutrino, the positron, and the protons, respectively. For the binding 
energy of the deuteron we use the value e D = 2.225 MeV [5]. 

The detailed computation of the amplitude of the solar proton burning Eq. (|4.1|) and 
the factor J 7 * is given in Appendix C. It is found that the factor J 7 * (see Eq. (C.62)) 
amounts to 



= -^pp! 



— ■■ arctg^ + - 



Mi si Ml -Ml 

■ arctg- 



1.78. (4.2) 



7 (M 2 - M2)3/2 b Mn 
The cross section for the low-energy p + p^D + e + + z/ e reaction is defined 

<r(pp De+z/ c ) = - — i— f |A4(p + p^D + e+ + z/ e )| 2 

M2rrs , HkD + ht + ^ _„ _ p2) _||L__^__|| % _, (4 .3) 

where v is a relative velocity of the protons and Ei (i = 1, 2) are the energies of the protons 
in the center of mass frame. 

Then, \JA(p + p — » D + e+ + u e )\ 2 is the squared amplitude averaged over polariza- 
tions of protons and summed over polarizations of final particles: 

|.M(P + P - D + e+ + u e W = C 2 fo) Gl pp |^ p | 2 x ( " ^ + ^) 

xtr{(-m e + k e+ ) la (l - 7% c 7/3(l - 7 5 )} x ~ x tr{(M N - p 2 ) 7 5 (M N + pi) 7 5 }, (4.4) 

where m e = 0.511 MeV is the mass of positron, and we have used the relation g\j^ 2 = 
2Q D Ml 
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The computation of the traces yields: 



- 9 aP + ^ ] x tr{(-m e + fc e+ )7 Q (l - 7 5 )i c 7/3(l - 7 5 )} 



= 24 \E e+ E„ e -^k e+ -k u \ 

~ x tr{(M N -p 2 ) 7 5 (M N +p 1 ) 7 5 } = 2M2, (4.5) 

where we have neglected the relative kinetic energy of the protons with respect to the 
mass of the proton. 

Substituting Eq. ( P~5p in Eq. (0) we get 



|A<(p + p-D + e+ + i/ 9 )f = C 2 (^iM^G^G2 p |^ T e i 2 



27Q D 



PP I" ppl ^2 

x^E e+ E Ve -^k e+ -tX (4-6) 

The integration over the phase volume of the final De + t / e -state we perform in the non- 
relativistic limit 

I rW+T pp , n (VU _L T )5 



32tt 3 Mt 



where IV = e D - (M„ - M p ) = (2.225 - 1.293) MeV = 0.932 MeV, T pp = Af N i; 2 /4 is 
the kinetic energy of the relative movement of the protons, and £ = m c /(W + T pp ). The 
function /(£) is defined by the integral 



/(O = so jf 1 - ex (i - x) 2 ^ = a - fe 2 - 4a v^e 2 

= 0.222 (4.8) 



15 M ,Jl + y/T=? 



and normalized to unity at £ = 0. 

Thus, the cross section for the solar proton burning is given by 

<r(pp -> De + z/ c ) = - a — — G |.F | (W + T pp ) / 



w 2 640vr 4 ~-pp'"pp' pp/ + 

'S'pp(^pp) —27TT] 



PP/ 



e--'/. (4.9) 
J pp 

For the astrophysical factor S , PP (T PP ) we obtain the following expression [2,4]: 

SM = a GJ PP |^|> (W + T pp) * / (^) , (4.10) 
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At zero kinetic energy of the protons T pp = the astrophysical factor 5 , pp (0) reads 

9g|g|QpMg 2 2 5 /m c \_ 

5pp(0) " a 2560^ G -pp ^ 

= 5.52 x 10~ 25 MeVb. (4.11) 

The value 5 , PP (0) = 5.52 x 10~ 25 MeVb is enhanced by a factor of 1.42 with respect to the 
classical value S* p (0) = 3.89(1 ± 0.011) x 10 _25 MeVb obtained by Kamionkowski and 
Bahcall in the PMA [7]. 

5 Astrophysical consequences 

The solar luminosity L Q = (3.846 ± 0.008) x 10 26 W is normalized in the Standard Solar 
Model (SSM) [32] to the reaction rate for the solar proton burning calculated in the PMA 
[7]. This defines the temperature in the solar core equal to T c = 15.6 x 10 6 K [32]. By 
virtue of the enhancement factor 1.42 (1 ± 19%)0 the temperature in the solar core has 
to be reduced from the standard value of T c = 15.6 x 10 6 K to T c = 15.l;o; 2 4 x 10 6 K. 
This leads to the decrease of the solar neutrino fluxes relative to the solar neutrino fluxes 
calculated in the SSM [33]. For example, the solar 8 B neutrino flux becomes equal [34]: 
$ B [10 6 chi'V 1 ] = 2.00+$:gi which agrees reasonably well with the experimental data 
by (SUPER)KAMIOKANDE [35]: S KA m(E„ > 7 MeV) = $ B [10 6 cm-V 1 ] = 2.44 ± 
0.05^o;o 7 ± 0.18. The estimates of the solar neutrino fluxes observed by the Gallium [36] 
and the Chlorine detectors [37] are adduced in Table 1. 

Table 1. Contributions from the main components of the neutrino fluxes to the signals 
(SNU) in the Gallium [36] and Chlorine [37] experiments according to the SSM [33] and 
our approach. The errors are due to the assumed 30 % uncertainty of the reaction rate 
for p + p— >D + e + + z/ e . The power-law parameters oti have been taken from Table X 
of Ref. [34]. 





Sea 


(E v > 0.233 MeV) 


Sci 


{E v > 0.814 MeV) 


Oti 




SSM 


RFMD 


experiment 


SSM 


RFMD 


experiment 


PP 


69.6 


71-3ti. 




0.00 


0.00 




0.07 


pep 


2.8 


z - y -0.1 




0.20 


n 91 +o.oo 

U - Zi -0.01 




0.07 


7 Be 


34.4 


23.4+t* 




1.15 


o.78;°i? 




-1.1 


8 B 


12.4 






5.90 


O 9Q-0.86 




-2.7 


13 N 


3.7 


1-7+^ 




0.10 


O^" 02 
u - ud +0.02 




-2.2 


15Q 


6.0 


O-0.9 
^•0+1.6 




0.40 


n iq-° 06 

u - iy +0.10 




-2.2 




129+* 


107^3 


77.5 ±6.2 


' ■ ' -1.0 


°- dz +2.08 


2.56 ±0.16 





Thus, one can note that by using the mean value of the astrophysical factor 5^(0) 
obtained in the RFMD, S' pp (0)/S' pp (0) = 1.42, the discrepancies of the Solar Neutrino 
Problem [38] can be relaxed considerably. 

3 Hcrc 19% is the assumed theoretical uncertainty of the RFMD (see Appendix A). The real theoretical 
uncertainty of the approach can turn out to be much less. 
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However, an enhancement of the astrophysical factor S pp (0) may be restricted by the 
data on helioseismology [39], which presently admit deviations from the classical value 
S* (Q) = 3.89 x 10" 25 MeVb [7] not more than 20% of the magnitude. 



6 Cross section for z/ e + D^e +P + P 

The calculation of the amplitude of the neutrino disintegration of the deuteron u e + D 
— > e" + p + p can be performed by analogy with the amplitude of the solar proton 
burning. The details of the calculation are given in Appendix D. To the description of 
the low-energy transition p + p— > p + p we apply the effective four-proton interaction 
Eq. O 



2 P -M n p 



p 



1 1 _ 1 1 

x{\p{t,x- -phrfp c (t,x+-p)]{p c (t,x- -p)l^p(t,x + -p)] 

+ (7^7 5 ®7 A V ^7 5 ®7 5 )}- (6.1) 

The amplitude of transition p + p — > p + p enters into the amplitude of the process v e 
+ D— > e _ + p + p in the form 



Arc 



d 3 P r pp (pU-r^ ^ PP (p)in • (6.2) 



The wave function of the relative movement of the protons inside the nucleon loop ip pp (p)m 
can be taken in the form of the plane wave. This is due to that the main contribution to 
the momentum integrals defining the one-nucleon loops comes from high virtual momenta 
and, inside the one-nucleon loop, the Coulomb repulsion between protons can be described 
perturbatively. 

The wave function ip pp (p) nt describes the relative movement of the protons in the 
final state. Since it is the 1 So-state, the wave function ip pp (p ) ou t should read [7-9,31] 



V(p)out = e i( W cos^CA:) [Fjkp] + tgdlJk) Go(kp)] ±- (6.3) 

where k = J M^T pp is the relative momentum and T pp is the kinetic energy of the protons, 
the Coulomb wave functions F (kp) and G (kp) are regular and irregular at p — > [7- 
9,31]. At k — > the wave function Eq. (|6.3|) takes the form of Eq. ( |3.2| ). 

The wave function ip pp (p ) ou t describes properly in terms of the Coulomb wave functions 
Fo(kp) and Go(kp) the relative movement of the protons at distances p > tnf, where 
tnf ~ l/Mjr is a radius of nuclear forces [6,40]. The contribution of distances < p < tnf 
is represented in terms of the phase shift S p (k) depending on the phenomenological 
parameters such as the S-wave scattering length a pp = (—7.828 ± 0.008) fm and the 
effective range rpp = (2.80 ± 0.02) fm of the low-energy elastic pp scattering including a 
Coulomb repulsion [5] . Since strong low-energy interactions of the protons coupled to the 
deuteron are described in the RFMD through the one-nucleon loop exchanges taking into 
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account the contribution of distances p < r NF , one does not need to get more detailed 
information about short-distance behaviour of the wave function of the protons than that 
included in the phase shift 5 pp {k). 

Up to the energies T pp < lOMeV the phase shift S pp (k) satisfies the relation [40] 



ctg^ p (fc) 



C (k) k 



— + r e pp k 2 + - h(2kr c ) 



(6.4) 



where rc = = 28.82 fm with a fine structure constant a = 1/137. The Gamow 

penetration factor C(k) is given by [31] 

C\k) = ^ * (6.5) 

kr c p Tr/kr c _ 1 



and 



H2kr c ) = £ ^ 1 + 4nW , - 7 + in(2kr c ), (6.6) 



n=l 



n 



where 7 = 0.5772 ... is Euler's constant. 

As has been shown in the Appendix C the resultant integrals over p, obtained after 
the calculation of the corresponding momentum integrals defining the one-nucleon loop 
diagrams, are concentrated in the region < p < 1/Mn- Therefore, the wave functions 
F (kp) and Go(kp) can be taken at p = 0. This gives -F (0) = and Go(0) = C^ 1 (k), 
respectively [31]. Thus, the wave function V ; pp(p)out reduces to the form 

ih n) .-AW ppV ' - (6 7) 

The amplitude of the process u c + D — > e~ + p + p is calculated in Appendix D. Here 
we adduce the result 



iM(v c + D -> e + p + p) = - g A M N — G npp .F ppc 



Gy_ 3gy 
y/2 2vr 2 

xe,(k D ) [u(k c ^(l-l 5 Hk v J] [^( Pl )7V(p 2 )]e^PP^) S1 e n ^ ( f (6.8) 

where u(k e -), u(k u J, u{pi) and u c (p 2 ) are the Dirac bispinors of the electron, the neutrino 
and the protons, e M (fco) is the 4-vector of the polarization of the deuteron. We have taken 
into account that u{j>2)l b u c {pi) = —u(pi)j 5 u c (p2). The factor F ppe - = 1-70 is defined by 
Eq. (D.34). 

The amplitude Eq. ( |6.8|) squared, averaged over polarizations of the deuteron and 
summed over polarizations of the final particles reads 

|A^ c + D^e- + p + P )| 2 = giK^r* g 'pp l^ppe- 1 2 

C 2 (k) I 1- - \ 

x F 7^ 1 T2 E *- E * ~ q k °- ■ k »* I • ( 6 - 9 ) 

1 ,e „e ,2 , «PP 1 V 3 



(al»?k 2 C\k) + 



1 " ^lv k + -f- h(2kr c ) 

Z Tq 
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Following the prescription [4] the amplitude Eq. ( |6.9|) should be extrapolated for the 
neutrino energies far from threshold. According to the procedure suggested in [4] we 
obtain 



|^( i , e + D ^ e - + p + p)| 2 = <?iM£ 

C 2 (k) 



U4G 2 y Q D ^ 2 



7T Z 



(a e pp ) 2 k 2 C\k) + 



1 " l^r^k 2 + — h(2kr c ) 



G 2 \f°\ 2 F B (k 2 )F(Z,E e -) 



E e -E Ve --K--k v \. (6.10) 



n 2 



2 " r c 

The form factor Fd(/c 2 ), describing a spatial smearing of the deuteron, is defined as [4] 

W ' 2) = TT7EF' < 6 - u > 



where td = 1/V^n^d = 4.315 fm is the radius of the deuteron [5]. We do need to include 
a form factor for a spatial smearing of the pp system [4], since such a smearing has been 
included in terms of the wave function Eq. (|6.7p . Then, F(Z,E e ~) is well-known Fermi 
function [41] describing the Coulomb interaction of the electron with the nuclear system 
having the charge Z. In the case of the reaction z/ e + D — > e - + p + p we have Z = 2. 
At a 2 Z 2 < 1 the Fermi function F(Z,E e -) reads [41]: 



F(Z,E e 



2-K7] c 



-27[ri c 



(6.12) 



E 2 _ — ml/ 'E e - is a velocity of the 



where r] e - = Za/v c - = Za E B f J E 2 _ — ml and v e - = 
electron. 

The r.h.s. of Eq. ( |6.10| ) can be expressed in terms of the astrophysical factor 5 , pp (0) 
for the solar proton burning defined as 



|A^(z/ c + D^e-+p + p)|2 = S pp (0) 



2 13 5tt 2 r c M 3 \P X 



N I ppe 



F D (k 2 )F(Z,E e 



x ■ 



C 2 {k) 



K P ) 2 k 2 c\k) + 



I (7 e 

1 _ - n e r e k 2 -+- —EE 



h{2kr c ) 



I T c I 2 
I ppl 

1- - 
E e -E Uc — g^e- ■ ^ 



(6.13) 



We have used here the expression for the astrophysical factor 



Sp P (o) = \r x 



2 9giG 2 Y Q D M* n2 



pp i 



^Trpp m e ^De+i/ e 



2560vr 4 r c --PP"" e — '"<=' (614) 

where m e = 0.511 MeV is the electron mass, and 0^+^ = (W/m e ) 5 f(m e /W) = 4.481 at 
W = 0.932 MeV [2]. The function f(m e /W) is defined by Eq. (pp. 

In the rest frame of the deuteron the cross section for the process u c + D — > e~ + p 
+ p is defined as 



<^) = 4Mk/^ + D 
i(27r) 4 ^(A; D + ^ c -p 1 -p 2 -A; e - 



e~ + p + p)| 2 
c? 3 pi <i 3 p2 



(1 /bp 



(2^)32^ (27r) 3 2E 2 (2tt) 3 2£ c 



(6.15) 
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where E Uc , E\, E 2 and E e - are the energies of the neutrino, the protons and the electron. 
The abbreviation (cc) means the charged current. The integration over the phase volume 
of the (ppe~)-state we perform in the non-relativistic limit and in the rest frame of the 
deuteron, 

d 3 pi d 3 p 2 d 3 k e 



1 



2 J (2ir) 3 2E 1 (2n) 3 2E 2 (2tt) 3 2£, 

C 2 (JM N T pp )F(Z,E e 



< p ) 2 M N T pp C 4 (JM N T, 



1 " tXpC M n T pp + — H2r c JM^ 



rc 

7/2 



PPJ 



/ ^ l r r \ „ m . E p Ml f E th \ 7/2 f 2m e \ 3/2 1 



dT e -dT pp 5{E Uc - £ th - T c - - Tpp)/r -T P pfl + ^ 



'1 + 



T 



2m P 



JM N T pp ) F D (M N T pp ) F(Z, £ e 



<p)^M N T pp C 4 ( JM N T PP ) + 



5 



2m P 



.3/2 



1 " 2 a PP r PP M N T PP + — h(2r c ^/M N T ppJ 

(y - i) 2 ^p Pe -(y), 



(6.16) 



where T e - is the kinetic energy of the electron, E t ^ is the neutrino energy threshold of 
the reaction u e + D — > e~ + p + p, and is given by E th = e D + m e — (M n — M p ) = 
(2.225 + 0.511 - 1.293) MeV = 1.443 MeV. The function n ppe -(y), where y = E v jE th , is 
defined as 



^ PP e- (y) = I dxJx(l - x) I 1 + — (y - 1)(1 - x) ] Wl + ^-(y - 1)(1 - *) 



th 



2m„ 



C 2 (JM N E th (y - 1) x) F D (M N £ th (y - 1) x) m e + £ th (y - 1) (1 - x)) 



a e pp f M N £ th (y - 1) xC*(JM N E th (y - 1) x) + 



1 " o« e pp^ P ^N^th (?/ - 1) x+ -f£ h(2r c ^MvE th (y - 1) x 



rc 



2s -1 



(6.17) 



where we have changed the variable T pp = (i*^ — E^) x. 
The cross section for v e + D — > e~ + p + p is defined 



Kppl 7ri2 De+!/e \ A, 



3/2 / v 7/2 

i / -C'th \ 



th 



2m P 



(y-l) 2 O ppe -(y) 



6.74 x 10 5 5 pp (0) (y-l) 2 n ppc -(y), 



(6.18) 



where 5^(0) is measured in MeV cm 2 . For S pp (0) = 5.52 x 10" 49 MeVcm 2 Eq. ( p"TD the 
cross section a^° D (E Ue ) reads 



a v c f{E Ve ) = 3.72 (j, - If n ppe ~ (y) 1(T 43 cm 



43 „ 2 



(6.19) 
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The cross section Eq. (|6.19|) should be compared with the cross section calculated in the 
PMA. The most recent PMA data on the cross section for the process v e + D — > e _ + p 
+ p have been obtained in Refs. [42,43] and tabulated for the neutrino energies ranging 
the values from threshold up to 160 MeV. Since our result is restricted by the neutrino 
energies from threshold up to 10 MeV, we compute the cross section for E Ve = 3.25 MeV 
and E Ve = 10 MeV and get 



=10 MeV 



3.72 x 10- 43 (2/- l) 2 n ppe -(2/) 

4.03 x 10~ 43 cm 2 , 

3.72 xl0- 43 (y-l) 2 n ppe -(y) 

1.91 x 10 _41 cm 2 , 



=10 MeV 



cm 



cm 



(6.20) 



The PMA data read [42,43]: 



<j,. 



(E„ e 



E Vc =3.25 MeV 
£„„=10MeV 



6.46 x 10 _44 cm 2 , 



2.55 x 10" 42 cm 2 , 



(6.21) 



When matching the values we find a distinction between the predictions by a factor of 7 in 
average. Such a discrepancy should be a challenge to solar neutrino experiments planned 
by SNO [14]. 

In Conclusion we discuss the experimental data on the process z/ e + D — > e - + p + 
p induced by neutrinos of the /z-meson decays and give a fit of the cross section for the 
process u e + D — >e - +p + p calculated in the PMA [42] for neutrino energies ranging 
the values 10 MeV < E Ue < 160 MeV. 



7 Astrophysical factor for pep process 

The cross section for the neutrino disintegration of the deuteron i/ e + D^e~ + p + p 
calculated in Sect. 6 can be applied to the computation of the astrophysical factor S , pep (0) 
for the process p + e~ + p — > D + v e or the pep-process. In the RFMD the squared 
amplitudes of the processes p + e~+p^D + z/ and v e + D — > e~ + p + p, averaged 
and summed over polarization of interacting particles, are related by 



1 7- e 
1 pp 


2 


1 T- c 

K ppe- 


2 



\M (p + e- + p - D + u e ) | 2 = - ,' p pp ' \M(u e + D - e- + p + p) | 2 . (7.1) 



At low energies the cross section cr pep (T P p) for the pep-process can be defined as follows 
[31]: 



| j r d^fc — — * f 

W^pp) =~4j^J J^eZ 9 < k ^)j l-M(p + e- + p ^ D + 

d 3 kj) d 3 k,< 



2 

e 1 1 



(27i) 4 S ( - 4) (k D + k u - Pl -p 2 -k e -) - — - — ^ , (7.2) 
K j c ; (2tt) 3 2M d (271)32^' v ' 
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where g = 2 is the number of the electron spin states and v is a relative velocity of the 
protons. The electron distribution function n(k e -) can be taken in the form [41] 

n(k e -) = e p - T e-/ kTc , (7.3) 

where k = 8.617 x 10~ n MeV K -1 , T c = 15.1 x 10 6 K is a temperature of the sun core (see 
Sect. 5). The distribution function n(k c ~) is normalized by the condition 

9 J n (k e - )=n e -, (7.4) 

where n e - is the electron number density. From the normalization condition Eq. ( |7.4j) we 
obtain 

gP = 4vr 3 n e - 

(27rm e fcT c ) 3/2 ' V ' ; 

The astrophysical factor S , pep (0) is then defined 

S pep (0) = 5 PP (0) - - J— — 3 (^) V / dV e- T °-/ kT °F(Z,E e -). (7.6) 



The r.h.s. of Eq. (|7.6| ) can be reduced to the form 



We have set / pp (0) = Q Dc +„ c /30 = 0.149 [41] and the function I(x) having been introduced 
by Bahcall and May [41] reads 

* i °f due~ u ,„ , 

I(x) = / _. (7.8) 

o l — e ' v 

The relation between the astrophysical factors S' pcp (0) and 5 PP (0) given by Eq. ( |7.7| ) is in 
complete agreement with that obtained by Bahcall and May [41]. 

8 Cross section for z/ e + D^e + + n + n 

In Ref. [4] we have calculated the cross section for the disintegration of the deuteron by 
reactor anti-neutrinos v e + D — > e + + n + n. The strong low-energy transition n + n 
— > n + n has been described by the local four-nucleon interaction Eq. ( |1 . 1| ) . Since the 
investigation of the processes p + p— >D + e + + z/ e and i/ e + D-^e~ + p + p has 
demanded to involve a smeared potential instead of the ^-function potential, we would 
like to revise here the result obtained in Ref. [4] by applying the smeared four-neutron 
interaction (see Eq. (|1.7|)): 

1 r M 2 p- M «P 

C^™(x) = -G« Tm Jd 3 p " 



Att p 

+ (7/,7 5 ®7 M 7 5 -> 7 5 ®7 5 )}- 



x{[n(t, x - )7 M 7 5 n c (t, x + -p)\ [n c (t, x - ^p)-f^ 5 n(t, x + ^p)} 
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The amplitude of the process z/ e + D — »e + + n + n contains the contribution of the n + 
n — > n + n transition in the form of the vertex 

M 2 -M n p 

d 3 p^ m (p) out ^nn(p)in- (8.2) 

47T p 

The wave function ip nil (p )- m describes the relative movement of the neutrons in the one- 
nucleon loop diagrams and can be taken in the form of the plane wave. In turn the 
wave function il> nn {p) OVL t describes the relative movement of the neutrons due to strong 
interactions in the final state. As has been noted above, the resultant integrals over p, 
derived after the calculation of the momentum integrals defining the one-nucleon loop 
diagrams, are concentrated in the region < p < 1/M N , and only the irregular part of 
the wave function ■0 nn (p)out gives a substantial contribution. Therefore, the wave function 
?/v(p) ou t can be written as follows 

Vnn(p)out = e*M*0 sin Snn (k) , (8 .3) 

where v nn (kp) is an irregular part of the wave function of strong low-energy nn interactions 
in the final state for distances p > tnf- 

The amplitude of the process z/ e + D^e + + n + n can be computed by analogy with 
the amplitude of the process z/ c + D-^e~+p + p (see Appendix D) and reads 

iM(P e + D - e + + n + n) = ~9aM n ^ ^ e^Q) [v{k Ve )^{l - 7 >fe)] 

X [fZ(PlhV( P2 )] X ^ nne+ ^ nn (0) X e ^nnW Sin Mfc) ; (g 4) 

a nn /c 

where v(k Pc ), v(k e +), u(pi) and u c (p 2 ) are the Dirac bispinors of the anti-neutrino, the 
positron and the neutrons, e^(Q) is the 4-vector of the polarization of the deuteron. We 
have taken into account that u(p2)l 5 u c (pi) = —u{pi)rfu c {j>2)- The factor JF nne + can be 
obtained by analogy with the factor ^ pe - (see Appendix D) and reads Eq. (D.34): 
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J~ nnc+ "nn 



Ml arctg \/ M N-M^ 8 Ml 



27 [y/M*-M* M * 11 M*- Ml 

8 M 4 JM& - Ml] 

W5-M^ mctg ^H^ 56 - (8 - 5) 

The numerical value ^ n nc+ — 3.56 is computed for a nn = — 16.4 fm, Mn = 940 MeV and 
M n = 135 MeV. Then, i> nn (0) is the value of the irregular wave function extrapolated to 
the region p ~ 1/M N a computation of which in terms of a nuclear potential goes beyond 
the scope of the RFMD. In the RFMD we consider v nn (0) as a free parameter and can fix 
it through the following consideration. 

We would like to accentuate that the concentration of the integrals over relative dis- 
tances p to the region p ~ 1/Mn, which is small compared with the range p ~ l/M n of 
the Yukawa potential defined by the one-pion exchange, confirms to some extent the use 
of the (^-function potential for the description of strong low-energy NN interactions in the 
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1 So-state [2,4]. Therefore, we can formulate a low-energy theorem. For this aim, first, 
we suggest to denote the amplitude Eq. ( |8.4j ) as M.[p G + D — > e + + n + n) sp . (smeared 
potential) and the amplitude calculated for the 5-potential as M. [p e + D — > e + + n + to) s.p. 
(5-potential) [4] (see Appendix E). Expressing then these amplitudes in terms of each 
other we get 

M{v c + D ^e + + n + n) s . p . = M{v c + D -> e + + n + n) a . p . 

x ^ 4 »„ Mxe .f..«^, (8 . 6 ) 

Near threshold in the low-energy limit k — > 0, when the neutrons become localized to 
the region of order of 0(1/ k) being much larger than the range of nuclear forces, a wave 
function of a relative movement of the neutrons can be described well by a plane wave. 
Thereby, at k — > the amplitude M.(v e + D — > e + + n + n) sp should coincide with 
M. [p e + D — > e + + n + n)5p and the low-energy theorem reads 

lim A^(z>c + D^e + +n + n) s . p . = A^(z>c + D^e + + n + n) 5 . p , (8.7) 
k — > 

Using the amplitude (u e + D — > e + + n + n) s . p . given by Eq. (|8.6|) we derive the relation 

F nne+ V ml (0) = l. (8.8) 

At a nn = -16.4 fm [5] we obtain v nn {0) = 0.280. 

Let us dwell a bit more on the justification of the possibility to regard f nn (0) as a 
free parameter of the RFMD. The wave function ?/v(p)out given by Eq. ( |8.3|) describes a 
relative movement of the neutrons at distances p > r-^p. The information about strong 
low-energy interactions of the neutrons at distances p < r^p is represented in terms of the 
phase shift 5 nn (k) depending on the S-wave scattering length a nn and the effective range 
r nn of the low-energy elastic nn scattering. In the PMA for the self-consistent definition 
of the parameters of the phase shift S nn (k) the wave function Eq. (|8.3|) supplemented by 
a regular part should be continued via boundary conditions at p = r NF to the region 
< p < r NF . This gives the scattering length a nn and the effective range r nn expressed 
in terms of the parameters of the nn potential and the range of nuclear forces r^-p [40]. 
By tuning these parameters one can fit the experimental values of the scattering length 
a nn and the effective range r nn [40]. The continuation of ^nn(p)out through a boundary at 
p = r NF to the region p < r NF defines a shape of the wave function of the neutrons up to 
p — > 0. Thus, the explicit shape of the wave function of the neutrons in the whole region 
of relative distances p depends on the parameters of the nn potential defined in the region 
< p < tn F and the value of the range of nuclear forces tn F . 

Since in the RFMD nuclear forces in the region of relative distances < p < tn F are 
described through the one-nucleon loop exchanges, one cannot, in principle, fix a shape 
of the wave function , ?/' nn (p)out and, correspondingly, v nn {kp) in terms of the parameters 
of the nn potential and the range of nuclear forces r^p. This leaves the wave function 



4 This numerical value together with the relation Eq. (9.10) caused by isotopical invariance of nuclear 
forces is supported by the constraint on the value of the astrophysical factor S^F (0) for the solar proton 



burning defined by nuclear forces only (see discussion below Eq. (12.2)) and the fit of the cross section 



for the process j/ + D^c +p + p calculated in the PMA at high neutrino energies Eq. (f 2.7) 
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v-an(kp) completely undetermined in the RFMD at distances < p < r NF and allows to 
consider f nn (0) as a free parameter of the approach. Without loss of generality we can 
assume too that f nn (0) does not depend on the relative momentum of the neutrons k or 
this dependence is very smooth in comparison with the dependence induced by the phase 
shift sin<5 nn (/c)/a nn fc. This means that in the RFMD for the description of the NN system 
coupled in the 1 So-state to the deuteron at low energies one does not need to get more 
detailed information about short-distance behaviour of the NN system than that included 
in the phase shift <5nn(&) expressed in terms of the S-wave scattering length cinn and the 
effective range tnn of the low-energy elastic NN scattering. 

Substituting Eq. (|8.8|) in Eq. (|8~4l ) we bring up the amplitude of the z/ e + D — > e + + 
n + n reaction to the form 

iM {u e + D - e+ + n + n) s . p . = g A M^ ^ G nQn e M (Q) [v(h B )<f{l - j 5 )v(k e+ )} 

V2 27r z 

x [u( Pl )^u%p 2 )] e^W*) Sin ^ n(fc) . (8.9) 

a nn k 

Further we omit the label s.p.. The amplitude Eq. ( |8.9| ) squared, averaged over polariza- 
tions of the deuteron and summed over polarizations of the final particles reads 



\M(v c + D ^e+ + n + n)| 2 



U4G 2 Y Q D Gl nn F B (k 2 



giM» : S5 "\ 2 J ( E e+ E Ve - -k c+ -h e ). (8.10) 

1 "Inn^nn^ ) ~\~ fl nI1 ^ 





We have used here the relation 

a nn £;ctg<5 nn (/c) = -1 + - a nn r nn k 2 , (8.11) 

where r nn = (2.86 ±0.02) fm is the effective range of the nn scattering in the 1 So-state [5]. 
The form factor Fj)(k 2 ) defined by Eq. ( |6.11| ) is introduced to describe a spatial smearing 
of the deuteron, where k = y/ M-^T nn is a relative momentum and T nn is a kinetic energy 
of the relative movement of the nn system. 

In the rest frame of the deuteron the cross section for the process v c + D — > e + + n 
+ n is defined by 

<f{E Dc ) = J \M(v c + D^e+ + n + n)\ 2 



2 (2?r) 5 (g + h ° -Pi-P 2 ~ k ^ (2^)32^ {2*)*2E 2 (2n)*2 E, 



(8.12) 



where Ep e , Ei, E% and E e + are the energies of the anti-neutrino, the neutrons and the 
positron. The integration over the phase volume of the (n n e + )-state we perform in the 
non-relativistic limit 

2 J (2^)32^(2^2^ ( 27 r)32E c+ (2?r) 5 iQ + ** " Pl " p2 ~ K+) 
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x E e +E Pc - -k e + ■ k Pt 



If r \ F D (M N T nn ) 



3 ( 1 \ 2 

I 1 - -a mi r c pp M N T mi \ + a 2 n M N T n 



1024vr 2 ^MnJ \E th ) 7rE th 



X 



F D (M N T n 




x5(X -£ th -T c+ -T mi ) 



(8.13) 



where T e + and m c = 0.511 MeV are the kinetic energy and the mass of the positron, E th 
is the anti-neutrino energy threshold of the reaction z/ e + D — »e + + n + n, and is given 
by E th = e D + m c + (M n -M p ) = (2.225 + 0.511 + 1.293) MeV = 4.029 MeV. The function 
^nne+G/), where y = E p jE th , is defined as 



8 } j Jx{\- x) E D (M N E th (y-l)x) 

^nne+ [v) = ~ ] dx ~, " " T2 

71 ( 1 - ^a nn r nn M N E th (y - 1) x) + a 2 nn M N E th (y - 1) x 



x(i + ^to-w-*))Vi + ^to-w-*). < 8 ^) 

where we have changed the variable T nn = (_E Pc — £th) The function fi nne +(y) is nor- 
malized to unity at y — 1, i.e., at threshold _Ep e = i^h- Thus, the cross section for the 
anti-neutrino disintegration of the deuteron reads 

a p c f(E Pc ) = a (y - l) 2 Q nnc+ (y), (8.15) 

where o"o is defined by 

a ^ QB ClJ-^(0\^J 2 = (3.88*0.74) x 10-W (8,6) 

Here ±0.74 describes the assumed theoretical uncertainty of our approach which is about 
19% (see Appendix A). The value a = (3.88 ± 0.74) x 10~ 43 cm 2 is 20% less than the 
value a = (4.68 ± 1.40) x 10~ 43 cm 2 obtained in the PMA [44,45] (see Fig. 7 of Ref. [45]). 
Such a decrease in comparison with our agreement obtained in Ref. [4] is related to the 
change of the value of the effective coupling constant of the four-neutron interaction 
G wNN = 3.27 x 10- 3 MeV" 2 -> G mm = 3.02 x lO^MeV -2 . 

The experimental data on the anti-neutrino disintegration of the deuteron are given 
in terms of the cross section averaged over the anti-neutrino energy spectrum per anti- 
neutrino fission in the energy region of anti-neutrinos E t h < E Pc < 10 MeV. The 
experimental data read < a^ D (E Pc ) > cxp = (1.5 ± 0.4) x 10" 45 cm 2 /z/ e fission [46], < 
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a 9 c f{E Dc ) > exp = (0.9 ±0.4) x lO" 45 cm 2 / u e fission [47] and < a p c f(E Pc ) > exp = (1.84 ± 
0.04) x 10- 45 cm 2 /^ e fission [48]. 

The cross section < cr^ D (E 9e ) >, calculated in the RFMD and averaged over the 
anti-neutrino Avignone-Greenwood spectrum [49,50] in the energy region E t ^ < E Pc < 
10 MeV, is given by 



2.482 



<a*f(E i?e )> = ( dye- b y a (y-l) 2 n nnc+ (y) = 

= (1.66 ± 0.32) x 10" 45 cm 2 / u e fission, (8.17) 

where a = 17.8 E th = 71.72, b = 1.01 E th = 4.07, and N Pe = 6 is the number of anti- 
neutrinos per fission [49,50]. 

The theoretical value < a£ D (E Pc ) >= (1.66 ±0.32) x 10~ 45 cm 2 / u e fission agrees with 
the experimental data given by the Reines's group: < a^^EpJ > ex p= (1-5 ± 0.4) x 
10" 45 cm 2 /^ fission [46], < a£ D (£ p J > exp = (0.9 ± 0.4) x 10" 45 cm 2 /z/ e fission [47] and 
Russian experimental groups [48]: < a^ B (E Pe ) > cxp = (1.84±0.04) x 10~ 45 cm 2 /z/ e fission. 

A comparison of the cross section Eq. (|8.15| ) calculated in the RFMD with the PMA 



data we perform for the anti-neutrino energies E Pc = 6.5 MeV and E Dc = 10 MeV. In the 
RFMD we get 

(7^(^)1^=6.5 MeV = 1.07 (1 ± 0.19) x lO" 43 cm 2 , 
a p c f(E Pc )\ E ^ a=10MeY = 0.79 (1± 0.19) x 10- 42 cm 2 . (8.18) 

In turn the PMA data read [42,43]: 

<f (£ p J|^ c=6 . 5M eV = 1-71 x 10~ 43 cm 2 , 

a p c f(E Pc )\ E ^ =WMeY = 1.13 x 10- 42 cm 2 . (8.19) 

The numerical values disagree by a factor of 1.5 in average. Referring to the result 
of obtained in Ref. [4] we explain such a disagreement by the change of the value of 
the effective coupling constant G^nn = 3.02 x 10~ 3 MeV -2 instead of G^nn = 3.27 x 
10~ 3 MeV~ 2 [4], the change of the value of the S-wave scattering length a nn = — 16.4fm 
instead of a nn = — 17.0 fm [4] and the use of the non-zero effective range of the low- 
energy elastic nn scattering. The change of the input parameters for the description of 
the process of the disintegration of the deuteron by anti-neutrinos z/ e ±D— >e + ±n±n 
in the generalized RFMD is required by the phenomenology of the low-energy elastic nn 
scattering. Of course, such a change of the input parameters has led to the disagreement 
with the PMA data, but the agreement with the experimental data has become much 
better [4]. 



9 Cross section for v e -\-~D^v e -\-n-\-p 

For the calculation of the n ± p — > n ± p transition entering to the amplitude of the 
process z/ e ± D — > u c + n ± p we use the effective four-nucleon interaction Eq. ( |i~7| ) 

f M 2 e~ M ^P 
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x{[n(t,x- ^p)j^ 5 p c (t,x+^p)]\p c (t,x- )^n{t, x + ~p )] 

+ (7 M 7 5 ®7 M 7 5 ^7 5 ®7 5 )}- (9.1) 

The process z/ e + D— >z/ c + n + p should run via the intermediate Z-boson exchange. The 
effective Lagrangian describing the electroweak interactions of the Z-boson with nucleons 
and leptons reads [51] 

Cff(z) = -r^V^Wl - 4 sin 2 ^ w ) - g A Yl 5 }p(x)Z,(x) 

4 COS v\v 

+ r ^V^^ 1 - 5A7 5 )«(x) - Mx)-f(l - 7 5 )^ e (x))Z,(x), (9.2) 

~r COS T/'tyJ 

where ip Uc (x) is the operator of the neutrino field, the weak angle t?w links the masses of 
the W- and Z-bosons: M z = M w / cos^w [51]- 

For the calculation of the transition n + p->n + pwe apply a wave function 

V>n P (p)out = e* 5 **® sin<y np (*0 (9.3) 

where f np (0) is the irregular part of the wave function of a relative movement of the proton 
and the neutron in the 1 So-state. The phase shift 5 np (k) is defined by the relation 

a np k ctg5 np (k) = -1 + - a np r np k 2 , (9.4) 

where a np = (—23.748 ± 0.010) fm and r np = (2.75 ± 0.05) fm are the scattering length 
and the effective range of the np scattering in the 1 S -state [5], then k = ^/M N T np is 
the relative momentum and T np is the kinetic energy of the relative movement of the np 
system. 

The amplitude of the process u e + D — > u c + n + p is calculated in Appendix E and 
reads 

iM{v e + D - u e + n + p) = g A M N ^ ^ G mp e^k D ) [u(k'J^{l - j 5 )u(K e )} 

x[«( Pl ) 7 V(p 2 )] x F np „ e v np (0) x e^W ^^f , (9.5) 

where u(k' ), u(k Ue ), u(pi) and u c (p2) are the Dirac bispinors of the initial and the final 
neutrinos, and the nucleons, e^kn) is the 4-vector of the polarization of the deuteron. 
The factor T npi/e is related to the factor JF nne + as 

Onp , . 

•J npu c J nne+ • W" u / 



a 



mi 



Substituting Eq. (|9.6| ) in Eq. (|9.5|) we obtain 

75 4vr 2 



iM.(u e + D — > z/ e + n + p) = g A M N -= G, np e^fo) [m(^J 7 ^(1 - ^)u(k Uc )} 



x[«( Pl )7 5 « c (P2)] x x F mic+ v np (0) x e ^np(fc) sin M fc ) > (9. 7) 
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In the RFMD the contributions of strong low-energy nn and np interactions to the am- 
plitudes of the processes v e + D^e + + n + n and z/ e + D^z/ e + n + p are proportional 
to the amplitudes of low-energy elastic nn and np scattering determined as [6]: 

A nn (k) = e ^(k) ^Y k \ 

A np (k) = e^(«. (9.8) 

In the low-energy limit k — > 0, i.e., near thresholds of the processes v c + D — > e + + n + 
n and v c + D — > v c + n + p, the amplitudes Eq. (|9.8|) obey the relation 

An(0) 

In order to hold such a threshold relation between strong parts of the amplitudes of the 
processes z/ e + D — >e + + n + n and z/ e + D — > v c + n + p it is sufficient only to follow 
the isotopical symmetry of nuclear forces [6,52] and set 

^nn(O) = Vpp(0) = v np {0) = 0.28. (9.10) 

This assumption is not too strict. Indeed, as has been discussed in Ref. [52] (Bethe) 
the discrepancy between phenomenological values of the S-wave scattering lengths of the 
low-energy elastic np, nn and pp scattering caused by nuclear forces can be arranged by 
varying the depth of the nuclear potential well within 3% of the magnitude and holding 
the value of the range fixed. The phenomenological data on the S-wave scattering lengths 
of the low-energy elastic NN scattering are represented in the wave function of the NN 
system in the form of the factor e*^ NN W sin 5^(k)/k as 

k p 

Thereby, the wave function v^(kp), defined as a solution of Schrodinger equation with 
the potential of nuclear forces, can be taken in the isotopically invariant form within an 
accuracy better than 3%. The isotopical relation Eq.( |9.10D and the numerical values of 
the wave functions v nn (0) = f pp (0) = v np (0) = 0.28 are justified by the constraint on the 
value of the astrophysical factor 5p F (0) for the solar proton burning caused by nuclear 
forces only (see discussion below Eq. ( |12.2j )) and the fit of the cross section for the process 
z/ e + D— >e~ + p + p calculated in the PMA at high neutrino energies Eq. ( |12.7| ). 

Due to the relation Eq. ( |9.1U| ) the amplitude of the process i/ e + D^^ e -|-n-|-p can 
be defined as follows 

G 3 

iM(u e + D -> u + n + p) = g A M N -j= G nnp e„(k B ) [u(k'J^(l - ^)u{k Vc )] 



x[u( Pl ) 7 V(p 2 )] x ^ x F nnc+ v nn (0) x e <M*)!EMi) : 



' 1 v line 1 v mi v"; ' 

, • (9-11) 



Using then the constraint Eq. (|S.8|) we get 



iM(v e + D - v e + n + p) = g A M N 5| ^ G mp e^k D ) [u(k'jY(l - ^)u(k Uc )} 
x[u( Pl h 5 u c (p 2 )} x ^ x e^ P (fe) sin Mfc) ; (Q12) 

Cl nn (2 n p/C 
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The amplitude Eq. (|9.12|) squared, averaged over polarizations of the deuteron, summed 
over polarizations of the nucleons and extrapolated to the energies far from threshold, the 
energy of which E th equals the binding energy of the deuteron E th = e D = 2.225 MeV, 
reads 



\M(u + D -»• z/ + n + p)| 2 



AM . ggglgo I . W) . . ^ _ i g , . 4 j (913) 
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In the rest frame of the deuteron the cross section for the process u c + D^u c + n + p 
is defined 

< D( ^ = isk: / i^(".+D-^+»+p)i a 

w^fe + k. -n-n- kj ^i^kwnEi; (9 ' 14) 

The abbreviation (nc) denotes the neutral current. The integration over the phase volume 
of the (npz/ e )-state we perform in the non-relativistic limit and in the rest frame of the 
deuteron, 

f d 3 p! d 3 p 2 d 3 k' Uc N4f(4)/, i / \ 

J (2^)32^(2^)32^ (27r)32^ (2?r) ^Hte+A^-px-ft-^) 

( E,.E' — -k,, ■ k'„ ^ Fd(MnT - } 



^ c M3 /E th \ 7/2 



1 - -anp^n P M N T np J + a np M N T np 
(y-l) 7 / 2 n npi/ M- (9-15) 



210vr 3 ^Mn^ 

The function £l n pv e (y), where y = E Pc /E t h, is defined as 

„ / \ 105 f, ^/i(l - a;) 2 1 

where we have changed the variable T np = (E Pc — E t h) x and used the relation M-^E t h = 
at E t h = £t>- The function Q npUe (y) is normalized to unity at y = 1, i.e., at threshold 
E„ c = E t h- 

The cross section for the neutrino disintegration of the deuteron caused by the neutral 
weak current z/ e + D^z/ c + n + p reads 



C D (^J =a (y- if 2 Q npUc (y), (9-17) 



where ctq is defined by 



ao = q d9 1 ZGyGl^K / E^' 2 = ± ^ 10 -43 cm 2_ (91g) 



140tt 5 a 2 nn \ Mn 
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Here ±0.72 describes the assumed theoretical uncertainty of our approach which is about 
19% (see Appendix A). 

Since in our approach the cross section for the disintegration of the deuteron by neu- 
trinos i/ c + D-^z/ e + n + p coincides with the cross section for the disintegration of the 
deuteron by anti-neutrinos v e + D — > z/ e + n + p, i.e., a^P(E Uc ) = cr l ^ D (Ep c ), we can 
compare our result with the experimental data on the disintegration of the deuteron 
by reactor anti-neutrinos [46-48]. For this aim we should average the cross section 
Eq. (|9.17|) over the anti-neutrino Avignone-Greenwood spectrum [49,50] in the energy 
region E th < E Pc < lOMeV. The cross section < a^{E Pc ) > is given by 

1.528 

<<f(E Pc )> = J dye- b ^a (y-iy/ 2 n npP M 



i 

4.494 



+ £ J dye- b ^a (y-iy/ 2 Q npP M 



' 1.528 

-45 _2 / - 



= (0.26 + 5.06) x 10" 45 cm 2 / u e fission 
= (5.32 ± 1.01) x 10" 45 cm 2 / u e fission, (9.19) 

where a x = 3.63 E th = 8.08, h = 0.543 E th = 1.208, a 2 = 17.8 E th = 39.61, b 2 = 
1.01 E th = 2.247, and N Pc = 6 is the number of anti-neutrinos per fission [49,50]. 

As we have obtained < a^ D (E Pc ) >= (1.66 ± 0.32) x 10" 45 cm 2 / v e fission Eq. (|8~T7| ), 
we predict a ratio 

< alf{E Dc ) > 



cc 



< Kf(E Pc ) > 



0.31 ±0.06. (9.20) 



Our theoretical predictions < a^ D (E Pc ) >= (1.66 ± 0.32) x 10 45 cm 2 / u c fission and 
< a*f(E Pc ) >= (5.32 ± 1.01) x 10" 45 cm 2 / v e fission, and r = 0.31 ± 0.06 agree well 
with the experimental data by the Reines's group: < a^ D (E Pc ) > CX p= (1-5 ± 0.4) x 
10" 45 cm 2 / z/ e fission, < a*f(E Pc ) > exp = (3.8 ± 0.9) x 10~ 45 cm 2 / z/ e fission and r exp = 
0.39 ±0.14 [46], < a p c f(E Pc ) > cxp = (0.9 ± 0.4) x 10~ 45 cm 2 / u e fission, < a*f(E Pc ) > cxp = 
(5.3 ±0.8) x 10~ 45 cm 2 / z/ e fission and r exp = 0.17 ±0.09 [47] and by Russian experimental 
groups [48]: < cr£ D (E Pc ) > exp = (1.84 ± 0.04) x 10" 45 cm 2 / u e fission, < a»f(E Pc ) > exp = 
(5.0 ± 1.7) x 10- 45 cm 2 / u e fission, and r exp = 0.37 ±0.13. 

Now let us compare the cross section a^(E Pc ) calculated in the RFMD with the PMA 
data [42,43]. For this aim we suggest to compare the numerical values of the cross section 
for the anti-neutrino energies E Pc = 3.25 MeV, E Pc = 4.25 MeV and E Pc = lOMeV. In 
the RFMD we get 

< D (£pJ|^ c=3 . 2 5MeV = 5.12 (1± 0.30) x 10" 45 cm 2 , 
<c D (£pe)k c =4.25MeV = 3. 17 (1 ± 0.30) x KT 44 cm 2 , 
^ D (E Pc )|^ c=10M eV = 0.91 (1± 0.30) x KT 42 cm 2 . (9.21) 

The PMA data read [42,43]: 

C D (^ e )k e =3.25MeV = 5.92 x KT 45 cm 2 , 

<f(Ep c )U c =4.25 MeV = 3.81 X 10" 45 CHI 2 , 

a p c f(E Pc )\ Ei , c=10MeY = 1.00xl0- 42 cm 2 . (9.22) 
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It is seen that the RFMD and the PMA data agree themselves within an accuracy better 
than 17%. 

10 Neutron— proton radiative capture 

At very low energies the neutron-proton radiative capture n + p — > D + 7 runs through 
the magnetic dipole (Ml) transition [6]. In the RFMD the cross section for the neutron- 
proton radiative capture has been calculated in Ref. [2,4]. For the local four-nucleon 
interaction describing the low-energy transition n + p — > n + p the amplitude of the 
process n + p — ► D + 7 has been obtained in the form [2,4] (the details of the calculation 
one can find in Appendix F): 

.M(n + p^D + 7) = W-^^0 G ™p eQ ^4W e ;fe) 

[u c (p 2 ) (2k Du - M Nlu ) 1 5 u( Pl )}, (10.1) 

where /i p = 2.793 and /i n = —1.913 are the magnetic moments of the proton and the 
neutron, e is the electric charge of the proton. 

The cross section of the neutron-proton radiative capture obtained in Refs. [2,4] reads 

<r(np -»■ D 7 ) = - (/i p - /i n ) 2 ~j Qd Gl np M N 4 = 276 mb. (10.2) 

V 64 7T Z 

The numerical value has been computed for = 2.225 MeV and v = 7.34 x 10~ 6 (the 
absolute value v = 2.2 x 10 5 cms _1 ), the laboratory velocity of the neutron. The theo- 
retical value cx(np — > D7) = 276 mb agrees within an accuracy better than 10% with the 
theoretical value [6] 

a(np^D7)pMA = (302.5 ± 4) mb (10.3) 

calculated in the PMA for pure Ml transition 1 So — > 3 Si. It is compatible with the 
experimental value [53] 

<r(np -> D 7 ) exp = (334.2 ± 0.5) mb . (10.4) 

within an accuracy of 9.5%. 

Below we revise the process n + p — > D + 7 in the generalized RFMD. We recalculate 
the cross section for the process n + p— > D + 7 by using the effective four-nucleon 
interaction defined by Eq. ( |1.7| ). As has been shown in Appendix F the amplitude of the 
neutron-proton radiative capture calculated for the effective Yukawa potential Eq. ( |1.7| ) 
should coincide with the former result obtained for the (p )-potential Eq. (|1 . 1|) . In 
fact, in the low-energy limit K — > 0, where K is a 3-momentum of a relative movement 
of the neutron and the proton, the np system is localized in the region of order 0(1/ K) 
which is much larger than the range of nuclear forces. Thereby, the wave function of the 
relative movement of the neutron and the proton can be described by a plane wave, and 
the amplitude of the neutron-proton radiative capture should not depend on the shape 
and the range of the nuclear potential [6]. The same consideration has been used for the 
derivation of the low-energy theorem Eq. ( |S.7|) . 
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In comparison with the experimental value Eq. ( 10.4Q the cross section for the neutron- 
proton radiative capture calculated in the RFMD is about 18% of the experimental value 
less. In order to improve an agreement between the theoretical cross section and the 
experimental data one should include additional contributions coming from the exchanges 
by heavy mesons like the p(770) and the u(780) mesons, the A(1230) resonance and pion- 
exchanges defining chiral corrections. The contributions of the p(770), the u;(780) and 
the A(1230) resonance exchanges have been taken into account in the PMA by Riska and 
Brown [54]. In the EFT approach with Chiral perturbation theory the calculation of the 
cross section for the neutron-proton radiative capture in agreement with the experimental 
data has been carried out by Park et al. [55]. 

In the RFMD the contributions of heavy meson exchanges are taken into account in 
the phenomenological coupling constant G^p given by Eq. (|L~8l) . Therefore, we can add 
only the contributions of the A(1230) resonance exchange and chiral corrections induced 
by pion-exchanges. Unfortunately, the off-mass shell interaction of the A(1230) resonance 
is parameterized by the parameter Z which ranges values from the region —0.8 < Z < 0.3 
[56]. Therefore, at the present level of the definiteness of the off-mass shell coupling of the 
A (1230) resonance we cannot make any reliable predictions concerning its contribution 
to the amplitude of the neutron-proton radiative capture. The contributions of chiral 
corrections caused by pion-exchanges we are planning to take into account within Chiral 
perturbation theory incorporated into the RFMD in further development of the RFMD. 

The obtained result Eq. ( |1Q72D can be directly extended on the description of the 
photomagnetic disintegration of the deuteron [4]. 



11 Low— energy elastic NN scattering 

In this section we would like to show that in the RFMD one can describe low-energy 
elastic NN scattering in complete agreement with low-energy nuclear phenomenology. For 
simplicity we suggest to consider the low-energy elastic np scattering in the 1 S -state. 
The amplitude of the transition n + p — > n + p can be given as follows 

Att 

M(np -> np )(A0 = -A np (k) — W^u^)] [^(p 2 ) 7 Mpi)], (11.1) 

as for low energies the interaction 7^7 5 x 7 M 7 5 reduces to 7 s x 7 5 , then pi and p\ (i= 1,2) 
are 4-momenta of the proton and the neutron in the initial and final states and k is a 
relative 3-momentum of the np system. The phenomenological amplitude of the low- 
energy elastic np scattering ^4 np (^) P h reads 

A (jt) . =e iM*)Ey*) = \ a i2) 

and satisfies the unitarity condition 

JmA np {k) ph = k\A np {k) ph \ 2 . (11.3) 

Then, kctg5 np (k) obeys the relation Eq. (|9.4j) . At k — > we get *4. np (0) p h = — Ana np /M N 
which gives the cross section <r(np — > np) = 47ra^ p (see Appendix G). 
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In the RFMD due to the low-energy reduction 

[u{p' 1 )lal 5 U C { P ' 2 )\ [u^TlMVl)} - -np[h 5 U c ( P ' 2 )] Mp 2 h 5 u(Pl)} (11-4) 

the np scattering comes through the one-nucleon loop exchange. This makes the descrip- 
tion of the low-energy elastic np scattering in the RFMD completely different to that in 
the PMA or in the EFT approach. 

Using the effective interaction Eq. (1.7) we can write down the effective Lagrangian 
for the low-energy elastic np scattering: 

/ #x/%Z% 0S {x)=i<% Bp f d'xd'z J d 3 P U(p) J d 3 rU(r) 

x [n(x ,x + ^p)j a j 5 p c (x ,x- ^p )] \p c (z , z + V )jpj 5 n(z , z - -r)] 

\ \ 

x tr^VM^o -z ,x-z-~ (p + f))j j 5 S^(z o - x , z — x— - (f + p))} 

+iGl np J d A xd A z J d 3 pU(p) J d 3 rU(r) 

x [n(x ,x+ ^p)j 5 p c (x ,x- ^p)}[p c (z ,z+ ^r)-f 5 n(z ,z- ^f)] 

x tr{7 5 5 , F (2;o - z ,x- z- - (p + f))j 5 S^(z -x ,z- x-~ (r + p))} 



+iGl np J d 4 xd A z J d 3 pU(p) J d 3 rU(r) 



x [n(x ,x + ^p)j a j 5 p°(x ,x- ^p)}[p c (z ,z + ^r)^ 5 n(z ,z- ]-r)\ 

x tr{7 a 7 5 S , F (a;o - z Q ,x- z- - (p + r))~f 5 S^(z -x ,z - x- - (r + p))} 



+iGl np J d 4 xd A z J d 3 pU(p) J d 3 rU(r) 



x [n(x ,x+^p)j 5 p c (x ,x- ^p)}[p c (z ,z + -r)^p^n(z ,z- ~r)] 

x ti{^S F (x - zo,x- z- l -(p + r ))7 /3 7 5 ^f(^o - x , z - x - i (r + p))}. (11.5) 

Passing to the momentum representation of the nucleon (anti-nucleon) Green function 
we obtain 



/i4 r>np^np 



scattering \?*) 

G ln P f l4 f d A zd 4 q 



d \ jej£* e -iq-(x-z) Jd 3 pU{p) e- % ^Pl 2 J d 3 rU{r) e'^ f / 2 



16tt 2 J J (2 

x [n(x ,x+ -p)j a j 5 p c (x ,x- ^p)][p c (z ,x + ^-r)jpj 5 n(z ,z- ]-r)\ 



±9. e -iQ ■ (P + r) tr La 5 1 5 1 

~ 2 ' 1 M N -Q-q M N -Q. 



^ /• d_zdq e _ iq .( x _ z ) r d 3 pU ( p)e -iq-p/2 f d z rU{j , )e -iq-r/2 



16tt 2 7 7 (2tt 
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x [n(x ,x + ~p)j 5 p c (x , x - ^p)][p c (z Q ,z + ~r)j 5 n(z ,z- V)] 

*H e -iQ ■ (P + r) tr / 7 5 1 5 1 1 

- 2 ' { M N — Q — q M N — Q ) 



G ln P f j4 f d 4 zd 4 q 
X J (2tt) 4 

1_ K _ 1 _ 1_ K , _ 1 



/ rf 4 x /■ dzdq e - iq .( x - z ) I d 3 pU ( p \ e -iq-p/2 f dhu ^ )e -iq-r/2 
16n 2 J J (27T) 4 J J 



x [n(x ,x + ~p)"f a "f 5 p c (x ,x- -p)}\p c (z , x + -r)>y 5 n(z , z - ~r)] 

^ e -*Q ■ (p + r) J a 5 1 7 5 1 } 

- 2 ' I M N -Q-g M N -gj 



G 2 r r d A zd 4 n 

1^ K „, ^ 1 _ 1_ K , ^ 1 



x [n(x ,x+ ^p)tV(zo,£- 2^)][^ c ( z o,^+ T^h/r/M^o, ^O] 

x /^ e -4-(p + r) tr L 5 L^ 7 y 1 A (ii. 6 ) 

■> ~ 2 ' I M N — Q — q M N — Q J 

It is convenient to rewrite the r.h.s. of Eq. ( |11.6| ) in terms of the structure functions 
J a/3 {q; p + f ), J(q- p + f ), J/^g; p + f ) and jf^g; p + f ): 



/i4 /*np— >np / \ 
a X -^scattering 1^-7 



= _^™E /> x l^q e -i q .{ x -z) f £ pU f p ) e ~ig • p/2 f ^ rU / r ) e ~iq r/2 

x [n(xo,a?+-/o)7 a 7 5 p c (aro,x- ^p )][p c (z , V h/TyV^o, ^- -f)] jT^g; p + f ) 
_^E| rf 4 x Jd*0q e - iq .( x - z ) J d 3 pU{p) e ~iq-p/2 J d 3 rU ( r) e ~iq-r/2 

x [n(x ,x+ ^p)7 5 p c (x ,x- ip)][p c (^ ,^+ V)7 5 n(^ ,i'- if )] p + r ) 

_^£E /> x f<^q e -iq-{x-z) f ^ p u{p) -iq ■ p/2 f ^ ^ -iq ■ r/2 
16n 2 J J (27r) 4 J J 

1 1_1 1 

x [n(x ,x+ -p)j a j p°(x , x - -p )][p c 0o, ^+ -f)7 5 n(^ ,^- -f)] ^"(g; p + f) 

j d * x J^0V e -iq-(x-z) j d3pU(p) e -iq-p/2 J ^ rU ^ e ~iq-r/2 

x [n(x ,x+ ^p)7 5 p c (x ,x - ip)][p c (z ,?+ -f ^^n^o, )] J (q; p + f ),(11.7) 

where the structure functions J a P(q; p + r ), J7"(g; p + r ), J a (q; p + f) and J^{q\ p + r) 
are defined by the momentum integrals 

J*W+t') = /"^ e -«g-(P + O t r{ w X A , 7"7 5 TT^-^7V^ 



M N - Q - q M N — Q 

JU,:n + r) = I ^ e -^-(P + O tr ( L 7 5 ^-, 7 5 

' \M N -g-g .U N Q 
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J"(q;p + r) = f ^$ ' $ + f ) tr( 7 V ^7 5 ), 

J { M N — Q — q M N -Q J 

Jf>{x?+?) = /^ e -^-(P + O t rj t 6 ^Vt 6 !- (H.8) 

•/ ^ I M N — Q — q M N - Q J 

Due to the low-energy reduction 

[n(ar ,a?+ ^p)7a7V(^o, a? - ^p)] -> g a0 [n{x ,x + ^p)^ 5 p c (x , x - -p)}, 

1 1 1 1 

[P c 0o,^+ gOT/JT 2 f )] -^o[p c (^o,^+ ~f)7 n(z ,2- ~f)] (11.9) 

the r.h.s. of Eq. ( |11.7| ) can be brought up to the form 

d A xC np ^ np (x) = 

Ui *v scattering V / 

G ln P f ,4 f d A zd 4 q 



fdzdq e _ tq .( x _ z) f d 3 pU{p)e -iq-p/2 [ d 3 rU ( r ) e -iq-?/2 



16tt 2 J J (2tt 

1 1 _ 1 1 

x [n(x ,x + -p)j p c (x ,x - -p)][p c (z Q ,z + -f )7 n(zo, z - -f)] 

x [-J°\q; P + r) + J(q; p + r) + J°(q; p + r) - J°(q; p + r )]. (11.10) 
The amplitude of the low-energy elastic np scattering we define as 

d A X < p(P2)n(p;)|£sc P attering(^)l^(Pl)p(P2) > = 

W&U+A-n-n) M" + p-° + p) , (11 . n) 

'2E[V2E 2 V2E 1 V2E 2 V 



where \n(pi)p(p 2 ) > and < p{p 2 )n(p[)\ are the wave functions of the initial and the final 
states, Ei(E'-) (i = 1,2) are the energies of the initial (final) neutron and proton, and V 
is the normalization volume. 

The matrix element of the four-nucleon operator between the initial \n(pi)p(p 2 ) > 
and the final < p(p 2 ) n (Pi)l states amounts to 

< p{j>' 2 )n(p' l )\[n(xQ,x+ -p)j 5 p°(x ,x- -p)] 
[p c (z ,z + if )^n(z ,z- -f)]\n(pi)p(p 2 ) >= 

< P(p2)n{p[)\[n(x ,x + ^p)j 5 p%x ,x-^p)}\0 > 

< 0\[p c (z ,z+ -r)-f 5 n(z ,z- -f )]\n(pi)p{p 2 ) >= 

= [M(p' 1 ) 7 5 n C (p , 2 )] [??(p 2 ) 7 5 u(p 1 )] X ^ p (p) out X Vnp(r) in 

i(p 2 + p[) ■ x -i(p 2 +pi)-z 
x i (11.12) 
I2E' 1 V2E' 2 V2E 1 V2E 2 V 
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where ip np (r) in and ^n P (p)out are the wave functions of the initial (in) and the final (out) 
1 S -state of the np system which we set equal to 



sin kp 

^nplPJout = —j—. (11.13) 



For the justification of this choice of the wave functions of the initial and final states we 
refer to the quantum mechanical description of the np scattering. Indeed, suppose that 
the neutron and the proton couple through the potential C/ e g(p). Schrddinger equation 
with the potential C/ e ff(p) reads 

(A + k 2 ) Vv(p) = M N U cS (p) ^np(p), (11-14) 

where V'np(p) is the solution of Eq. ( |11.14j) . The amplitude of the np scattering is then 
defined as 

U(k) = ~^j d 3 pe- ik '-PU c Mi; np (p), (11.15) 

where e~ ^ ' P is the wave function of the final state of the np scattering and k' is a 
relative momentum of the np system in the final state. If finally the np system is in 
the 1 So-state, we should expand the exponential into spherical harmonics and hold only 
the S-wave contribution [8]. This changes the amplitude f np (k) given by Eq. ( |11.15| ) as 
follows 

Mn f , 3 sin kp 



U(k) = ~ J d'p U cS (p) ^ np (p), (11.16) 



where we have set \k' \ = k. The wave function ip np (p) we have taken in the form Eq. 
having been applied to the description of the process v c + D — > v c + n + p. 

Substituting Eq. ( |11.12[ ) in the l.h.s. of Eq. ( |11.11| ) and integrating over x, z and q we 
arrive at the amplitude of the low-energy elastic np scattering 

M(n + p -> n + p) = - e <M*0 %L W^u^)} [^( P2 )j 5 u( Pl )} 

k Mn 

x Mo) I d3pu(p) / T" U{r) l-fiPrf+P) + 

+J°(P; p + r ) - J°(P; p + r )], (11.17) 



where P = p\ + p 2 = p\ + p' 2 and in the center of mass frame P M = (2yk 2 + M^, 0). 
The r.h.s. of Eq. ( |11.17| ) can be represented in the more convenient form 

4-7T 

M(n + p n + p) = -Ap(fc)RFMD -T7- [u(p'ih 5 u c (p' 2 )} [u c (p 2 h 5 u(Pi)]- (H-18) 
where the amplitude A np (k) RFM Y) is defined by 

Aip^RFMD = «np(&) Anp{k) p h- (11.19) 
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Thus, the parameter K np (k), determined by the expression 

KnpW . M0 ) ^ / A^) ^ / ^ W 

X \-J°°(P\ P + r) + J(P; p + r) + J°(P; p + r) - J°(P; p + r )], (11.20) 

distinguishes the amplitude of the low-energy elastic np scattering A Qp (k)KFMD from the 
phenomenological amplitude *4. np (A;)ph- Therefore, we have to focus on the analysis of 

K np(^)- 

It is well-known [25,4] that the structure functions J7" a/3 (P;0) and J(P\ 0) are am- 
biguously defined under shifts of virtual momenta Q — > Q + aP, where a is an arbitrary 
parameter, if the cut-off regularization is applied. Following the prescription suggested 
in Ref. [25] we obtain [4]: 

SJ al3 (P;6) = J afi (P;6;aP)- J afi (P;6) = 2 a(a + I) (2 P a P? - P 2 g a ?), 
5J(P;6) = J(P;6;aP)- J(P;0) = - 2a(a + 1) P 2 . (11.21) 

These are the exact non-perturbative relations [25,4]. 

In our case only the structure function J^ 00 (P; p + r) is ambiguously defined under 
the shift of the time component of the virtual momentum, i.e., Q — > Q + aP . Due to 
the shift Q — > Q + aP the structure function J 00 (P; p + f) acquires the contribution: 



1 -5J™(P;p + r)= f^e-iQ 
4 J n 2 i 

-2M 2 +El + Q 2 + (2a + 1) Q P + a(a + 1) P 2 



x 



[El -Q 2 - 2(a + 1) QoP) - (a + 1) 2 P 2 - ~Ql~ ^Q P - a 2 P 2 - i0] 

2 



A? . ^ + f) -2M^ + g| + Q 2 + g p 

7r 2 i 6 [El -Ql-2 Q P - P 2 - i0] [El -Q 2 - i0] = 

d*Q _ % q . fg + f ) -2M 2 + £| + Ql + (2a + 1) Q P + a(a + 1) P 2 

[El -Q 2 - iO} 2 



x ll + 2(2a + l)— 2 . + (2a 2 + 2a + 1) 



[El-Ql-iO] K '[El-C%-iQ] 



P 2 (l 2 

+4(2a+l) 2 



[El -Ql- iO] 



2 



/A -iQ.(p + r) -^ + El + Q 2 + Q P 
J nH 6 [El-Ql-tO] 2 

x Si + 2 ^ + ^ + 4 + 

I [ej - q§ - io] + [ej - q§ - *o] + [p|-gg-^op + 

') L 



[Ei - g 2 - to]- 
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+2a(a + l)P 2 I —e 



2 f d*Q _ % Q . tf + jf ) E Q + Qo 



+ 16 a(a + 1) P 2 f t9. e -iQ • (p + O ^ + ^ 



[P| - Qg - i0]< 
2 P 2 f^Q -iQ ■ (p + r ) L 



-4a(a + l)M N P , ^ . _ g , _ . Q]3 



7T7 
4/ 



-32 a(a + 1) M 2 P 2 / ^ e"^ ' (P + 
J it i 



Q 

Wn-Ql- *o] 4 



Ql 



(11.22) 



Making a Wick rotation Q — ^Qa an d integrating over Q 4 we get 



SJ 00 (P;p + f) = 2a(a+l)P 2 [tQ. e - i $-tf+ 

J 71 

= 2a(a+l)P 2 /^e-^-(P + 

J 7T 



4 



M 2 



(M 2 +g 2 ) 5 / 2 



. (11.23) 



Dropping divergent contributions appearing for the computation of the structure functions 
J°°(P; p + r) and J(P; p + r) we obtain 



«np(*0 = ^np(O) 



/• l3 rr/ , sin kp f d 3 r 



kp 



[-2a 2 -2a+ 1) 



x 



P 2 / tS. e -iQ ■ (p + r) + (2 Mn + P ) 2 / ^ e "«? ' O 

J 7T Ex J 71 Ex 



, (11.24) 



where we have used that 



J°(P; p + f) - J°(P; p + f) = 4 M N P / ' r U. (11.25) 

J 71 Ex 



— * 

Since /c <C Mn and |Q | ~ Mn, the main regions of the integration over p and r are 
restricted by inequalities: r, p < 1/Msf. Hence, we can neglect the /c-dependence of the 
parameter K np {k) and define it as follows: 



KnM * «np = ^np(O) J p U( P ) J ^ U(r) 



-2a 2 -2a + l) 



x 



iR P -iQ ■ (p + f)Mk+A riR. P ~iQ ■ (P + r ) _L 



J 7T 



^+4/— < r 



(11.26) 



Integrating over p and r we get 
MtG 2 



K 



up 



Vnp(O) 



7r^ 7rnp 



^gg g m* 

g 2 + Mf rCtg M„(Q 2 + M 2 ) 5 / 2 



+2 



/ 



g 2 + M 2 arCt g M ^ (g2 + M 2 ) 3/2 



Q M N 



.(11.27) 
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Computing numerically the integrals over Q which amount to 



«*} ^ct s ± ^J$^ = 1.3925, 



o 



g 2 + M 2 b M^(Q 2 + M2) 5 / 2 

c/gg q m% , 

" " r arctg ^ - = = 1.8056 (11.28) 



g 2 + M 2 ta M^(g 2 + M2) 3 / 2 

and using the numerical values of the parameters we get 

K np = 22.331 (-a 2 - a + 3.093). (11.29) 

The amplitude ^4 np (^)RFMD as well as the phenomenological amplitude A np (k) p h should 
satisfy the unitarity condition 

JmA P (^RFMD = &|A p (^)rfmd| 2 - (11.30) 



Substituting Eq. ( |11.2| ) in Eq. ( |11.3U| ) and using the relation Eq. ( 11.3p we can fix the 



value of the parameter n np . We get the equation k qp (k qp — 1) =0, the non-trivial solution 
of which gives n np = 1. From Eq. (|11.29|) we obtain that such a solution, K np = 1, always 
exists, for example, for a = 1.316 or a = —2.316. 

Thus, due to the unitarity condition we have fixed the ambiguities of the calculation 
of the momentum integrals coming form the one-nucleon loop diagrams and defining the 
amplitude of the low-energy elastic np scattering. As a result we obtain the amplitude 
of the low-energy elastic np scattering in the phenomenological form 

a (k ) _ JMfc) sinMfc) _ 1 I m^n 



Q n p 2 



By analogy with the amplitude of the low-energy elastic np scattering we can describe 
in the RFMD the amplitudes of the low-energy elastic pp scattering and nn scattering in 
full agreement with low-energy nuclear phenomenology. This completes the description 
of low-energy elastic NN scattering in the RFMD. 



12 Conclusion 

We have shown that in comparison with the PMA and EFT approach the generalized 
RFMD applied to the description of the solar neutrino processes gives completely new 
predictions for the processes containing two protons in the initial state, the solar proton 
burning p + p— >D + e + + z/ e , and in the final state, the neutrino disintegration of the 
deuteron u e + D — > e~ + p + p. 

For the astrophysical factor 5 , pp (0) of the solar proton burning p + p — > D + e + 
+ u e we have obtained the value 5 , pp (0) = 5.52 x 10~ 25 MeVb which is enhanced by a 
factor of 1.42 with respect to the classical value 5^(0) = 3.89 x 10~ 25 MeVb obtained by 
Kamionkowski and Bahcall in the PMA [7] . The Coulomb repulsion between two protons 
is taken into account in terms of the S-wave scattering length a p of the low-energy elastic 



36 



pp scattering in the 1 So-state and the Gamow penetration factor C(rj) = y / 27rr/ exp(— tttj), 
where rj = ce/v and a = 1/137 and v are the fine structure constant and a relative velocity 
of two protons. 

We argue that the value of the astrophysical factor 5 , pp (0) calculated in the generalized 
RFMD is due to the explicit account for the Coulomb repulsion between the protons in 
terms of the phenomenological parameters of the low-energy elastic pp scattering and 
dynamics of low-energy nuclear forces induced by quantum fluctuations of nucleon fields 
through the one-nucleon loop exchanges. 

Suppose, we have switched off the Coulomb repulsion. In this case the factor jFp p 
reduces itself to the factor J 7 ^, caused by the contribution of nuclear forces only, which 
reads 



^ p F = -v/2a pp <, pp (0)| 



Ml J Ml -Ml 8 Ml 
arctg- h 



Ml -Ml M n 7 Ml -Ml 



Mi J Ml - Ml 



arctg 



7 (Ml - Ml) 3 / 2 to M, 



1.09, (12.1) 



where a pp = — 17.1 fm [5] and w pp (0) = 0.28 given by Eq. (|9.10|) . This yields the astro- 
physical factor equal 

Sp P F (0) = «^^^Ppl^ N P F | 2 ^V(^)=2.07xlO- 25 MeVb, (12.2) 

The value S pp F (0) = 2.07 x 10- 25 MeVb makes up 53% of the classical value S* p (0) = 
3.89 x 10 _25 MeVb by Kamionkowski and Bahcall [7]. However, as has been stated by 
Kamionkowski and Bahcall [7] the contribution of the strong interactions between two pro- 
tons should be smaller than 40% of the classical value, i.e., S*p F (0) < 1.56 x 10~ 25 MeVb. 
Thus, the RFMD predicts the enhancement not only for the total value of the astrophys- 
ical factor of the solar proton burning but for the part of it caused by the contribution 
of nuclear forces only [4]. This underscores an important role of short-distance quan- 
tum fluctuations of nucleon fields contributing through the one-nucleon loop exchanges 
describing dynamics of low-energy nuclear forces in the RFMD. We should emphasize 
that the astrophysical factor value Eq. ( |12.2| ) is decreased twice relative to that obtained 
in Ref. [4]. The former is due to a partial cancellation between the contributions of the 
interactions [p(x)-y a 'j 5 p c (x)}[p c (x)'y a 'j 5 p(x)} and [p(x)'j 5 p c (x)}\p c (x)'j 5 p(x)}. In fact, in the 
generalized RFMD the interaction \p(x)'j 5 p c (x)][p c (x)'j 5 p(x)} gives a convergent contribu- 
tion to the amplitude of the solar proton burning which cancels partly the contribution 
of the interaction [p(x)^ a rfp c (x)}[p c (x)^ a rfp(x)] (see Appendix C). 

The estimate of the astrophysical factor 5^(0), caused by the contribution of nuclear 
forces only, can be applied to the justification of our statement concerning the proper- 
ties of the wave functions f nn (0), w pp (0) and v np (0) and their values f nn (0) = f pp (0) = 
^np(O) = 0.28. Since in the RFMD the value of the astrophysical factor 5^(0) cannot 
exceed the value 5^(0) = 4.02 x 10~ 25 MeVb calculated for the local four-nucleon in- 
teraction Eq. (|Llp, the factor J 7 ^ should obey the constraint jF^p F < y/2. This entails 
the constraint on the wave function f pp (0), i.e., f pp (0) < 0.37, which agrees well with 
the value f pp (0) = 0.28 imposed by the requirement of isotopical invariance of nuclear 
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forces Eq. (|9.10| ) and the estimate f nn (0) = 0.28 given by Eq. ( |S.8|) due to the low-energy 
theorem Eq. (|S.7|). 

By virtue of the enhancement factor 1.42 the solar neutrino fluxes become substantially 
reduced. This relaxes the Solar Neutrino Problem [38]. However, such an enhancement 
of the S'pp(O) factor is contradicting to the data on helioseismology [39], which presently 
allows deviations from the classical value S* (0) = 3.89 x 10 _25 MeVb [7] less than 20% 
of the magnitude. 

Our predictions for the cross section for the neutrino disintegration of the deuteron 
with two protons in the final state f e + D— >e~+p + p for the neutrino energies ranging 
the values from the region E t h < E Ve < 10 MeV is 7 times larger in average than the cross 
section calculated in the PMA [42,43]. Such a discrepancy is very impressive and should 
be verified experimentally for the solar neutrino experiments at SNU [14]. In the end of 
Conclusion we show that such an enhancement of the cross section cannot be observed for 
the experimental investigation of the reaction u e + D — >e~+p + p induced by neutrinos 
from the /i-meson decays. 

The astrophysical factor S , pep (0) for the pep-process, i.e., p + e~+p— >p + p, which 
is the inverse process with respect to the disintegration of the deuteron by neutrinos u e 
+ D — > e~ + p + p, has been calculated relative to the astrophysical factor 5 , pp (0) for 
the solar proton burning in complete agreement with the result obtained by Bahcall and 
May [41]. 

In the case of the disintegration of the deuteron by anti-neutrinos caused by the 
charged weak current z/ e + D^e + + n + n the cross section calculated in the generalized 
RFMD has been found 1.5 times less than the cross section calculated in the PMA [42,43]. 
Referring to our former result of the calculation of the cross section for the disintegration 
of the deuteron by anti-neutrinos Ref. [4], where we have got a good agreement with 
the PMA data, the obtained disagreement can be explained by the change of the value 
of the effective coupling constant G Iim = 3.02 x 10~ 3 MeV~ 2 instead of Gvnn = 3.27 x 
10~ 3 MeV -2 [4], the change of the value of the S-wave scattering length a nn = — 16.4fm 
instead of a nn = — 17.0 fm [4] and the use of the non-zero effective range for the nn 
scattering. The change of the input parameters for the description of the process of the 
disintegration of the deuteron by anti-neutrinos v c + D — > e + + n + n in the generalized 
RFMD has been required by the statement to use more phenomenology of the low-energy 
elastic nn scattering. Of course, such a change of the input parameters has led to the 
disagreement with the PMA data, but the agreement with the experimental data has 
become much better. 

The cross section for the disintegration of the deuteron by anti-neutrinos (neutrinos) 
induced by the neutral weak current z/ e (^ c ) + D — ► z/ e (z/ e ) + n + p the cross sections 
calculated in the RFMD agree with the cross sections calculated in the PMA [42,43] with 
an accuracy better than 17%. 

The experimental data on the processes i/ e + D^e + + n + n and v e + D — > T> e + 
n + p are given in the form of the cross sections averaged over the reactor anti-neutrino 
energy spectrum for the anti-neutrino energies ranging E t ^ < E Pc < 10 MeV. 

The theoretical values of the cross sections for the processes v e + D — > e + + n + 
n and u c + D—>-u c + n + p averaged over the reactor anti-neutrino energy spectrum 
amount to < a*f(E Pe ) >= (1.66 ± 0.32) x 10" 45 cm 2 / 9 e fission, < a*f(E Pc ) >= (5.32 ± 
1.01) x 10 -45 cm 2 / u e fission, respectively. For the ratio of these cross sections we obtain 
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r = 0.31 ± 0.06. These theoretical values agree well with the experimental data by the 
Reines's group: < a D c f{E Dc ) > cxp = (1.5 ± 0.4) x 10~ 45 cm 2 / u e fission, < a*f(E Dc ) > cxp = 
(3.8 ± 0.9) x 10~ 45 cm 2 / u e fission and r exp = 0.39 ± 0.14 [46], < a D c f(E Vc ) > cxp = (0.9 ± 
0.4) x 10" 45 cm 2 / u c fission, < a*f(E Pc ) > cxp = (5.3 ± 0.8) x 10" 45 cm 2 / u c fission and 
r exp = 0.17 ±0.09 [47] and Russian experimental groups [48]: < a*f(E Pc ) > cxp = (1.84 ± 
0.04) x 10" 45 cm 2 / v c fission, < a*f(E Pc ) > exp = (5.0 ± 1.7) x 10~ 45 cm 2 / u e fission, and 
r exp = 0.37 ±0.13. 

The discrepancy between the experimental values of the cross section < a^ B (E Pc ) > 
for the process z/ e ±D^e + + n + n with the theoretical predictions obtained in the 
PMA [44] has been valued by Reines et al. [47] as an experimental hint for the existence of 
neutrino oscillations [57]. However, the experimental value < a^ D (E p J > cxp = (0.9±0.4)x 
10 -45 cm 2 / v e fission has not been confirmed in the experiments of Russian experimental 
groups [48] represented in 1990. Therefore, the agreement of our theoretical predictions for 
the cross sections < a 9 c f(E Dc ) >= (1.66 ± 0.32) x 10" 45 cm 2 / 9 e fission, < a*f(E Pc ) >= 
(5.32 ± 1.01) x 10 _45 cm 2 / z/ e fission with experimental data given by both the Reines's 
group [46,47] and Russian experimental groups [48] rules out a contribution of neutrino 
oscillations to the processes v e + D^e + + n + n and z/ e + D — > v e + n + p. 

The application of the RFMD to the computation of the cross section for the neutron- 
proton radiative capture n + p — > D + 7 for thermal neutrons has given the value 
<j(np — > D7)rfmd = 276 mb which agrees within an accuracy better than 10% with 
the theoretical value [6]: a(np — > D7)pma — (302.5 ± 4) mb calculated in the PMA 
for pure Ml transition 1 So — > 3 Si. In comparison with the experimental value [53]: 
<j(np — ■> D7)pma = (334.2 ± 0.5) mb the cross section calculated in the RFMD is about 
18% of the experimental value less. In turn the value of the cross section calculated in the 
PMA is only about 10% less than the experimental value. The contributions increasing 
the theoretical value of the cross section have been taken into account in the form the 
p(770), the u>(780) and the A(1230) resonance exchanges by Riska and Brown [54] in the 
PMA and by Park et al. [55] in the EFT with Chiral perturbation theory accounting for 
chiral corrections in the form of pion-exchanges. In the RFMD the contributions of the 
p(770) and the a;(780) meson exchanges are taken into account by the phenomenological 
coupling constant G nnp given by Eq. (|1~E|). Therefore, we can add only the contribution 
of the A(1230) resonance and chiral corrections. Unfortunately, the off-mass interaction 
of the A(1230) resonance is parameterized by the parameter Z ranging the values from 
the region —0.8 < Z < 0.3 [56]. Therefore, at the present level of the definiteness of the 
off-mass shell coupling of the A(1230) resonance we cannot make any reliable predictions 
for the contribution of the A(1230) resonance to the cross section for the neutron-proton 
radiative capture for thermal neutrons. In turn, the contribution of chiral corrections 
within Chiral perturbation theory incorporated into the RFMD we are planning to analyse 
in our further development of the RFMD. 

Finally we have shown that in the generalized RFMD one can describe low-energy 
elastic NN scattering in complete agreement with low-energy nuclear phenomenology. 
In the RFMD due to the low-energy cancellation between effective four-nucleon inter- 
actions [N(x)^ 5 N c (y)][N c (y)-f a -f 5 N(x)] and [N(x)^N c (y)][N c (y)-f 5 N(x)] low-energy 
elastic NN scattering runs through the one-nucleon loop exchange. The computation of 
the amplitude of the low-energy elastic NN scattering encounters the problem of ambi- 
guities induced by shifts of virtual momenta of the integrals describing one-nucleon loop 
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diagrams. The arbitrariness introduced by these ambiguities can be expressed in the 
amplitude in terms of an arbitrary parameter knn which differs the amplitude of the low- 
energy elastic NN scattering calculated in the RFMD from the phenomenological one. By 
virtue of the unitarity condition the parameter knn is fixed to be equal to unity, knn = 1- 
This brings up the amplitude of the low-energy elastic NN scattering calculated in the 
RFMD to the phenomenological form. 

Our method of the calculation of the amplitude of the low-energy elastic NN scattering 
is similar to some extent to that accepted in the EFT approach (see Beane et al. [11]). 
However, in the RFMD due to the choice of the wave function of the nucleons coupled in 
the initial state we do not need to fit separately the scattering length and the effective 
range of the NN scattering (see Beane et al. [11]), but fix them simultaneously through 
the unitarity condition. 

The derivation of the amplitude -4(/c)rfmd in agreement with the phenomenological 
form refutes the statement by Bahcall and Kamionkowski [15] concerning inability of the 
RFMD to describe low-energy elastic NN scattering with a non-zero effective range. To 
the same extent as we have described the low-energy elastic np scattering we can describe 
within the RFMD the low-energy elastic pp scattering with the Coulomb repulsion. 

Concluding the discussion of the RFMD we would like to emphasize that the RFMD 
is an effective field theory model. It does not contain any small parameter allowing to 
justify the one-nucleon loop dominance. We incline to consider the one-nucleon loop fit 
of input parameters of the RFMD in terms of the parameters of the physical deuteron to 
some extent as a variational procedure in quantum field theory, where one-nucleon loop 
diagrams play the role of trial functions realizing a minimal way of the transfer of flavour 
degrees of freedom from an initial state to a final one. On this way one does not need to 
include multi-nucleon loop corrections. 

For the completeness of our investigation we would like to recur to the process v e + D 
— > e~ + p + p. We discuss the available experimental data and give the fit of the cross 
section calculated in Refs. [42,43]. 

Experimentally the cross section for the process ^ e + D— >e - + p + p have been 
investigated by Willis et al. [58] following the decay of stopped muons in the LAMPF 
beamstop [42]. The experimental value of the cross section weighted with the neutrino 
energy distribution function reads [58]: 

< a v c f{E Ue ) > cxp = (5.20 ± 1.80) x 10" 41 cm 2 . (12.3) 

For the comparison of our result with the experimental value Eq. ( |12.3j ) we should average 



the cross section Eq. (|6.19|) over the neutrino energy spectrum with the distribution 
function [42] 

HE, c ) = ^ElJ^-E u ) (12.4) 



normalized to unity 

OT M /2 



dE Ue <j ) (E Uc ) = l, (12.5) 
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where m M = 105.658 MeV is the mass of the /z-meson. The distribution function has an 
end point at ~ 53 MeV and is maximal at E Vc = ~ 35 MeV [42]. 

The cross section for the process i/ e + D^e~+p + p given by Eq. (|6.19| ) and 



weighted with the distribution function Eq. ( |12.4| ) over the region E^ < E Ua < 10 MeV 
amounts to 



E Vq = 10 MeV 



< a»f(Ej >= J <P(EJ a» c f(E Uc ) dE Vc = 0.02 x 10" 41 cm 2 . (12.6) 



The result makes up about 0.25% of the experimental value. This means that the region 
of the neutrino energies _E t h < E Uc < 10 MeV is not important for the analysis of the 
cross section for the process z/ e + D — >e~ + p + p induced by decay neutrinos of 
stopped muons in the LAMPF beamstop [42]. This also means that one cannot catch the 
obtained discrepancy between the RFMD and the PMA data for the experiments in the 
LAMPF beamstop [58]. The most important contribution to the cross section weighted 



with the distribution function Eq. ( |12.4j) comes form the neutrinos with energies around 
the maximum of the distribution function, i.e., of order of E Ve ~ 35 MeV. Since for 
such energies the Coulomb interactions between charged particles in the final state is not 
important, in order to understand the experimental and the PMA data we suggest to fit 
of the cross section calculated in the PMA [42]. 

Indeed, switching off the Coulomb interaction we leave with the parameters defined by 
strong and weak interactions only. Therefore, using the cross section given by Eq. ( |S.19j ) 
and making changes a pp — > a pp = —17.1 fm, r pp — > r pp = (2.84 ± 0.03) fm [5], C{k) — > 1, 
F(Z,E e ~) — > 1 and h{2krc) -> we should get the cross section for the process z/ e + D 
— > e~ + p + p valid for high neutrino energies 

o%? (E Ve ) = 2.28 (y - l) 2 n ppc -(y) lO^cm 2 . (12.7) 

with f2 ppe - (y) defined by 

fippc-(y) = / dxy/x(l -x)(l + ^(y - 1)(1 - x)^ 1 + ^-(y - 1)(1 - x) 



o 

x- ' ' - 2 ~ J ~ J . (12.8) 

1 - J a pp r pp M^E th (y-l)x\ + a 2 pp M^E th (y-l)x 
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The coefficient 2.28 has been obtained due to the following change 

3.72 -> 3.72 x ^ x v pp (0) = 2.28 (12.9) 
a pp 

which should be carried out by switching off the Coulomb repulsion. The numerical values 
of the cross section Eq. ( |12.7| ) calculated for energies E Uc = 10 MeV, E Ve = 55 MeV and 
E v . = 160 MeV 



a u c f(E Uc ) = 2.28 x 10^ 4d (y - l) 2 fi ppe - (y) 



cm 2 

£„ n =10MeV 
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3.00 x 10- 42 cm 2 , 



<f{E„ e 



2.28 x 10~ 43 (y-l)' 2 n ppe -(y) 



S„ =55 MeV 



£„„=160MeV 



E v =55 MeV 



cm 



1.69 x 10~ 40 cm 2 , 



2.28 x 10" 43 (y-l) 2 n ppe -(y) 



E v =160MeV 



cm 



1.64 x 10 _40 cm 2 



;i2.10) 



agree well with the numerical values of the cross section calculated in the PMA [42]: 



=10 MeV 



=160 MeV 



2.55 x 10" 42 cm 2 , 



1.66 x 10- 40 cm 2 , 



1.65 x 10 _39 cm 2 . 



i2.ir 



Hence, with a reasonable accuracy the cross section Eq. ( |12.7| ) fits the PMA data given 
in [42] for the neutrino energy ranging the region 10 MeV < E Ue < 160 MeV. This 
agreement with the PMA data confirms too our statement concerning the properties of 
the wave functions vnn(0) introduced in the generalized RFMD as free parameters and 
fixed through a low-energy theorem for the amplitude of the reaction v c + D — > e + + n 
+ n and requirement of isotopical invariance of nuclear forces (see Eq. ( |3.8| ), Eq. ( p.lOj ) 
and Eq. ([TXTD ). 

The cross section Eq. ( |12.7| ) weighted with the distribution function Eq. ( |12.4| ) 



< a»f(E Ue ) >= J 4>(E„ e ) a:f(E Va ) dE Uc 



5.70 x 10" 41 cm 2 



(12.12) 



=10MeV 



agrees well with the experimental value Eq. (|12.3|) . 

Thus, in order to catch experimentally the discrepancy between the predictions of the 
RFMD and the PMA for the cross section for the process v c + D — ► e~ + p + p in the 
region of the neutrino energies E t ^ < E Uc < 10 MeV it is necessary to use low-energy 
neutrino beams. The former is of relevance of experiments at SNO [14]. 
Perspectives and further applications of the RFMD. We have shown that the 
RFMD can be successfully applied to the description of solar neutrino processes related 
to the process of the solar proton burning p + p — > D + e + + v e or the proton-proton (pp) 
fusion. In the main-sequence stars the pp fusion is the starting reaction of the proton- 
proton (p-p) chain of the nucleosynthesis. After the synthesis of the deuteron caused by 
the pp fusion the next step of the nucleosynthesis is the burning of the deuteron via the 
reactions [59]: p + D -> 3 He + 7, D + D -> 4 He + 7, D + D -»• 3 H + p and D + D 
— > 3 He + n and so on. Between the listed reactions the reaction of the proton-deuteron 
radiative capture p + D — > 3 He + 7 is the predominant one. It is due to the lowest 
Coulomb barrier of all the reactions in the p-p chain [59]. The produced 3 He with the 
likelihood of 86% [59] leads to the reaction 3 He + 3 He — > 2 p + 4 He completing the chain 
I of the p-p chain. 

We see the nearest perspectives of the RFMD in the extension of the RFMD by the 
inclusion of three-nucleon bound states like 3 He and the triton 3 H with the structures 
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(nnp) and (npp), respectively, and possessing the similar properties [60]. The extension 
of the RFMD by the inclusion of the low-energy interactions of the 3 He and the triton 
3 H should convey more quantum field theory phenomena related to the nucleon loop 
exchanges to the physics of low-energy interactions of light nuclei. 

The inclusion of the three-nucleon bound states 3 He and 3 H should give the possibility 
to continue the investigation of the reactions of the p-p chain and to apply the extended 
version of the RFMD to the description of the reactions p + D — > 3 He + 7 and the 
reaction of the deuteron burning like D + D — > 3 H + p and D + D — > 3 He + n. The 
RFMD extended by the inclusion of the three-nucleon bound states 3 He and 3 H should 
be able to describe the neutron-deuteron radiative capture n + D — > 3 H + 7 and the 
/3-decay of the triton 3 H — > 3 He + e~ + v c [61]. 

For further applications of the RFMD extended by the inclusion of the three-nucleon 
bound states we are planning the calculation of the cross sections for (i) elastic scattering 
of nucleons by the deuteron n + D — > n + D and p + D — > p + D, (ii) reactions of the 
low-energy disintegration of the deuteron by nucleons n + D^n + n + p and p + D 
— > n + p + p and (iii) elastic scattering of nucleons by 3 H and 3 He: p + 3 He — > p + 3 He 
and n + 3 H — > n + 3 H. Since on these processes there are enough experimental data and 
they are very good investigated theoretically in the PMA, the predictions obtained in the 
RFMD should be under strict control. 

We are also planning to apply the RFMD to the computation of the electric and 
magnetic polarizabilities of the deuteron which can be obtained from the amplitude of the 
Compton scattering by the deuteron, the revision of our former computation of the S-wave 
scattering length of the elastic 7rD scattering [3] and the arrangement of the discrepancy 
between the experimental and theoretical values of the cross section for the neutron- 
proton radiative capture for thermal neutrons. The revision of the computation of the 
S-wave scattering length of the elastic 7rD scattering is required by the appearance of new 
experimental data [62] decreasing the former experimental value of the S-wave scattering 
length of the low-energy elastic 7rD scattering by two times. These applications of the 
RFMD are closely related to the inclusion of the A(1230) resonance and the incorporation 
of Chiral perturbation theory into the RFMD. 
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Appendix A. Binding energy of the deuteron and the- 
oretical uncertainty of the RFMD 

The computation of the binding energy of the deuteron Ed = 2.225 MeV in the RFMD has 
been carried out in Refs. [1,2]. Below we adduce the improved computation of en in order 
to specify the cut-off parameter and the theoretical uncertainty of the approach. Indeed, 
in Ref. [1] we have estimated the theoretical uncertainty of the RFMD by computing two- 
nucleon loop contributions to the binding energy of the deuteron relative to the binding 
energy of the deuteron calculated in one-nucleon loop approximation. 

The effective Lagrangian of the unphysical deuteron field (x) with the mass M = 
2M N and the zero binding energy strongly coupled to the proton and the neutron reads 
[1,2]: 

£ bare (*) = ~\ D^(x) D^(x) + M 2 D^(x) D^(x) 

—igy[p{x)^n c {x) — n(x)Yp c (x)} D^\x) 

= -ig Y [p c (x)^n(x) - n c (x)^p(x)} D { ^(x), (A.l) 

where Dffi (x) = d^D^ (x) — d u D^ (x) is the field strength of the deuteron field. 

In order to obtain the effective Lagrangian of the physical deuteron field D^(x) we 
should calculate one-nucleon loop contributions [1,2]. The one-nucleon loop corrections 
can be represented by the Lagrangian [1,2]: 

J d x5IlS ^ (^c)onc— loop 

_j dAx j dh0_h e _ ikl . {x- Xl ) D m {x)D{ o ){xi) An^), (A.2) 

where the structure function U^ u (ki) is defined as 

r d 4 k ( 1 1 1 

n^fci) = / — tr s ^ • (A.3) 

J Tih [Mx-k-h M N -k J 

Keeping only leading terms in the /ci-momentum expansion we get 

IP^) = i {k\g tw - Kk\) J 2 (M N ) +2cT [Jx(M N ) + M 2 J 2 (M N )], (A.4) 
where Ji(M N ) and J 2 (M N ) are quadratically and logarithmically divergent integrals 

d 4 k 1 A f d\k\k 2 



7T 2 iM 2 ~k 2 J ( M 2 + F)l/2' 



A 



T / , , x f d 4 k 1 „ f d\k \k 2 , . . 

J *< A « = I - ' / (A.5) 
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The cut-off Ad restricts 3-momenta of fluctuations of virtual nucleons forming the physi- 
cal deuteron. Since in the RFMD the cut-off Ad is much less than the mass of the nucleon 
[1,2], i.e., M N 3> A D , we would use below the relation: 

J 1 (M N ) = 2M^J 2 (M N ) = tw-- ^ 

The Lagrangian 5£( )(a;) one _i OO p reads 

5£(°)(:r) onc _ loop = -I A J 2 (M N ) D^(x) D^(x) 

- [J X (M N ) + M 2 J 2 (M N )] D^(x) D^(x), (A.7) 



2tt 2 

where we have used the relation 

d A x\d 4: k 



I d4x I e ~ ikl ' {x ~ Xi)d T ] ^ ^ - = 

= jd i x 1 -D^{x)D^{x). (A.8) 
The effective Lagrangian of the free physical deuteron field D^x) reads [1,2] 

C%(x) = -\ Dl(x) D^(x) + MlD\{x) D»(x), (A.9) 
where we have renormalized the deuteron field 

D,(x) = (l + A J 2 (M N )) ' Df{x\ (A.IO) 

and defined the mass of the physical deuteron as Md = Md — £d- The binding energy of 
the deuteron en reads then 

_ 17^ MMs) ( 

£D -48^n^T' (A - U) 

where we have used the relation Eq. (A. 6). Using then the relation gy/ir 2 = 2Q D M^ [1,2] 
we obtain the binding energy as a function of a cut-off A D : 

£d = ^QdA d . (A.12) 

For the experimental values of the binding energy En = 2.225 MeV and the electric 
quadrupole moment Qd = 0.286 fm 2 we estimate the value of the cut-off Ad, which 
amounts to Ad = 68.452 MeV. Due to the uncertainty relation ArAo > 1/2 the spa- 
tial region of virtual nucleon fluctuations forming the physical deuteron is defined by 
Ar > 1.44 fm. This estimate agrees with a range of nuclear forces (NF) caused by the 
one-pion exchange with the mass M n = 135 MeV: r^F ~ ^-/M n = 1.46 fm. 

In order to estimate the theoretical uncertainty of the model we have suggested in 
Ref. [1] to calculate two-nucleon loop contributions to the binding energy. Since we state 
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the one-nucleon loop origin of the deuteron, the comparison of the two-nucleon loop con- 
tribution to the binding energy with the binding energy of the deuteron should be valued 
as the theoretical uncertainty of the model [1,2]. Following Ref. [1] the effective La- 
grangian describing two-nucleon loop contribution to the binding energy of the deuteron 
reads 

d x ^ (^)two— loop 



= i^j^0r e ~ iki ' {x ~ xi)Di{x)Mxi) ^M^ {ki) ' (A - i3) 

where the structure function J^ v {k\) is defined by 

J {M N -k-h M N -k J J Teh {Mx-q-h M N -q' J 

= W a (k 1 )Tl a »(k 1 ). (A.14) 

The calculation of the structure function J^ v (k\) is obvious and the resultant expression 
for the effective Lagrangian reads 

^ (0) (*)two-ioo P = \ ||| A. J 2 (M N ) [J X (M N ) + M 2 J 2 (M N )] Dl(x) D^(x) 

fi^NN Sfl'v j^t/ji/ \12 nf 



, ||; „ [J 1 (M N ) + M^J 2 (M N )] 2 J Dt (x)jD , (x)) (A . 15) 
The two-nucleon loop contribution the the binding energy of the deuteron is then given 

by[i] 

fe two-ioop = _ 75 gl^ J?(Mn) = _ 25 ^ Qd = 
D 64 4M2 4tt 4 M n 24 4M 2 tt 2 M N K J 

This correction makes up 9.5% of the binding energy of the deuteron 6d = 2.225 MeV. 
Following the statement of Ref. [1] the theoretical uncertainty of the RFMD should make 
up 9.5% for amplitudes and, correspondingly, 19% for cross sections. Thus, for an estimate 
of a theoretical uncertainty of cross sections calculated in the RFMD one can use the value 
about A = ±19%. 

We, of course, should emphasize that as we fit all input parameters of the model in 
one-nucleon loop approximation, the computation of the two-nucleon loop contribution 
to the binding energy of the deuteron does not have so much physical meaning. The 
value of this correction can serve to some extent as a hint to an expected uncertainty of 
the approach. Of course, it cannot assure completely a true calculation of a theoretical 
uncertainty of the approach. The predicted theoretical uncertainties of cross sections 
calculated in RFMD, A = ±19%, can turn out to be much smaller in reality. 

Appendix B. Effective four— nucleon potential 

In this Appendix we give the derivation of the effective potential Eq. ( [LID f° r the proton- 
proton interaction. We start with the standard 7r°pp interaction [63] 

C ppn o(x) = 9«imP(x)i'y B p(x)n (x). (B.l) 
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The effective Lagrangian describing the transition p + p — > p + p through the one-pion 
exchange is given by 

U X J~- e ff (^Jonc— pion 

= I 91ns J J d^d^lpixji^pixi)} < 0|T(7r°(x 1 )7r°( a : 2 ))|0 > \p(x 2 ) i ^p(x 2 )} 

= \&mijj d 4 x 1 d 4 x 2 \p(x 1 ) 7 5 p(xi)] A (xi - x 2 ) \p(x 2 ) >fp(x 2 )], (B.2) 
where A (x\ — x 2 ) is the Green function of the 7r°-field 

f d 4 q e -*9 • (^1 - ^2) 

d 3 q f dg e- i ^i-t 2 )+iq-(x 1 -x 2 ) 

* ! " -. (B.3) 



Since the interacting protons are non-relativistic, we can set go — [11, 63] in the de- 
nominator and reduce the r.h.s. of Eq. (B.3) to the form 

r d 3 a e^-^i-^) 
A( Xl -^ = -S( h - t2) J^ e + M , . (B.4) 

In the coordinate representation the momentum integral gives a standard Yukawa poten- 
tial [6,63]: 



, rf 3 e »g-(fi-f 2 ) 1 

F(|a:i - X2|) = J fTWl = T, \x x -x 2 \ • (R5) 

The effective Lagrangian £ P fj^ pp (:r) onc _pi on reads 

1 °° 

J d 4 x C^g PP (a;)onc-pion — ~ 2 y ^ yy d 3 Xid 3 x 2 

—00 

2 p -M ff |fi-f 2 | 
[p(i, £ 7 5 p(t, f 1)] « — p —— [p(t, x 2 ) 7 5 p(t, x 2 )\ . (B.6) 

47T — X 2 1 

In the case of squares of transferred momenta small compared with M 2 , i.e., q 2 <C M 2 , 
the momentum integral gives a 5-function 

lim Y (\x 1 -x 2 \) = ^-6(x 1 -x 2 ). (B.7) 

In the case q 2 <C M 2 the effective Lagrangian £ p jj^ pp (x) nc-pion takes the form 

1 °° 

J d 4 x£ p |^ pp (:r) onc _p ion = -- y dt J J d 3 xxd 3 x 2 
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\p(t, fO 7 5 p(t, x 0] ^ * (xi - s 2 ) [p(t, £ 2 ) 7 5 p(t, £2)]. (B.8) 



£^ PP (x)onc-pion aS follows 



When denoting U{\x\ — x 2 \) = M%Y{\x\ — x 2 \) we can rewrite the effective Lagrangian 

1 2 00 

l rf 4 x£Pr PP (^)onc-pio„ = "J / rft // 

—00 

[p(t,f 1 ) 7 5 p(t,f 1 )]f/(|f 1 -f 2 |) [p(t,x 2 )7 5 p(t,f 2 )]. (B.9) 

Now it is convenient to pass to the center of mass frame: x = \ (27 + x 2 ) and p = X\ — x 2 
or x\ = x + \ p and x 2 = x — \ p. This gives 

[ d 4 r £ pp ^ pp (r) - 1 ^ NN /Vr 

y u x ^ cff ^Jonc-pion — 2 ^2 J 

I d 3 p [p(i, £ + i p) 7 5 p(t, £ + ^ p)] U(p) \p(t, x~\p) 7 5 p(t, f - \p)\ (B.10) 

and 

^^(^one-pion = ~\ / U<J>) 

7T 

[p(t, £ + 1 p) 7 5 p(t, f + i p )] [p(t, £ - X - p ) 7 5 p(t, x-^p)}. (B.ll) 

The effective interaction in Eq. (B.ll) is defined for the t-channel of the pp scattering. 
In order to find the interaction in the s-channel of the pp scattering we have to perform 
Fierz transformation: 

+\a^C®Ca llv , (B.12) 
8 

where C is the matrix of a charge conjugation and a^ v = | (7^7^ — 7^7^). This brings 
the effective Lagrangian Eq. (B.12) to the form 

^r PP (^)one-pio„ = \ fff Jd'pU(p) 

{[p{t,x+^p)p c {t,x- ip)] [p c {t,x + ^p)p{t,x - ip)] 

+ [p(t, x + ^p) 7 y (t, x-\p)\ [p c (t, x + ^p) i 5 p{t, x - x - p )] 

1 1 _ 1 1 

+ \p(t,x+ - p)7> c (t,f - - p)\ [p c (t,x+ -p)^p(t,x - -p)] 

+ [pit, x+ l -p) Yl 5 p c (t, [V C H, S+\p) 7 M 7 5 p(t, x-\ p )] 

+ \ W, x + \p) x-\p)\ * + \p) <w(*> f " \ P )]}> (B.13) 
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where p c (t, x ^= h P ) = C p T (t, x ^= § p) and p c (t, x =F | P ) = P T (£, ^ T | p) C. Leaving 
only terms 7^7 5 ® 7 M 7 5 and 7 s (8> 7 5 describing the interactions of the pp system in the 
1 S -state, we arrive at the effective Lagrangian 



2 

^r PP Wone-pion = ~ ff| / ify C/(p) 

7T 

{[p(t,x + ^p)7"7V(^ - ^p)] [p c M + ^p)7m7 5 p(^,^ - 2^)] 

+\p(t, x+-p) 7 V (*, £ - ^ p)] [p c (t, f + \ P ) l 5 p(t, x- 1 - p )]}. (B.14) 

Thus, we have taken into account the contribution of the one-pion exchange. Now we 
should add the contact term, proportional to the S-wave scattering length a pp of the 
low-energy elastic pp scattering [2,4]: 

1 27r a r 



{ \p(t, x + ^p) 7 m tV (t, x - l - p )] [p c (t, s + ^ p ) 7m7 5 p(^, x - \p)\ 

+ \p(t, x + -p) 7 V (t, x - ~ p)\ [p c (t, x+^p) 7 5 p(t, x - i p )]}. (B.15) 

Summing up the contributions Eq. (B.14) and Eq. (B.15) we obtain the effective La- 
grangian describing in the RFMD the p + p — > p + p transition: 

4 p r pp (^) = ^^ pp /rf 3 p^ (3) (p') 

{ \p(t, % + \p) ^l 5 p c (t, x--p)\ [p c (t, x + - p ) 7m7 5 p(*, x - 2 P )] 

+ [p(t, x + - p ) 7 5 p c (t, x - - p)] [p c (t, x + X - p) 7 5 p(t, x - 1 p )]}. (B.16) 

Using nuclear phenomenology data on low-energy elastic np, nn and pp scattering [6] we 
postulate the interaction 

^ ff N - NN (x)= \S P ^\p) 



x{G nnp [n{t,x + ^p) lfll 5 p c {t,x- ip)][p c (t,f + ^p)-f-y 5 n(t,£ - -p)] 

1 1 1_1 1 

+- G wnn [n(*, x + -p )7 M 7 5 n c (t, x - -p)] [n c (t, x + -p)^ b n{t, x - -p )] 

+ ^ C wpp [p(t, x + ^p )7 M 7 5 P C (t, x - X -p )] [p c (t, x + hVK*> z - ^P )] 

+ ( 7 ^7 5 ® 7 V -^7 5 ®7 5 )}- (B.17) 

This completes the derivation of the effective potential Eq. ( |1.1|) for the squares of trans- 
ferred momenta of the interacting nucleons much less than M%. 
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Appendix C. Computation of the matrix element of 
the solar proton burning 

In order to acquaint readers with the machinery of the RFMD we give below the detailed 
derivation of the amplitude Eq. (|4.1|) . 

The process p + p— > D + e + + v e runs through the intermediate W-boson exchange, 
i.e., p + p — > D + W + — > D + e + + v e . The RFMD defines the transition in terms of 
the following effective interactions 

£n P D(£) = -igv[p c {x)Yn(x) - n c (x)^p(x)]D^(x), 

= \g^ fd 3 pU( P ) 

{ \p(t, x + ^p) Yl 5 p c {t, x--p)\ [p c {t, x+^p) ^ 5 p{t, x--p)\ 
+ \p(t,x + -p) j 5 p c (t,x-^p)] [p c (t,x + ^p)j 5 p(t,x-^p)]}, 

£n P w(x) = cos^c [n(x)Y(l - 9Al 5 )p(x)} W~(x). (C.l) 

Then, the transition W + — > e + + v e is defined by the Lagrangian 

C Uce+w (x) = $„ e (x)Y(l - l 5 )A(x)) W+(x). (C.2) 

The electroweak coupling constant gw is connected with the Fermi weak constant Gp and 
the mass of the W-boson Mw through the relation 

& -° F (C.3) 



y/2' 

In order not to deal with the intermediate coupling constant gw it is convenient to apply to 
the computation of the matrix element of the transition p + p — > D + W + the interaction 

£ npW (x) = Hx)Y(l - 9Al 5 )p(x)] W'{x), (C.4) 

and for the description of the subsequent weak transition W + — > e + + u e to replace the 
operator of the W-boson field by the operator of the leptonic weak current 

W-(x) -> [Vv c (*) 7 ,(l - 7 5 )^e(x)]. (C.5) 

The S matrix describing the transitions like p + p — > D + W + is defined 

s = Te *J d 4 x [£ npD (x) + £ npW (x) + £ST PP (*) + • • ■] (c 6) 

where T is the time-ordering operator and the ellipses denote the contribution of inter- 
actions irrelevant to the computation of the transition p + p — > D + W + . 
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For the computation of the transition p + p — > D + W + we have to consider the third 
order term of the S matrix which reads 

S (3) = jj d 4 x,d 4 x 2 d 4 x 3 T([£ npD (x 1 ) + £ npW (^i) + £ P c r PP (*i) + ■■■} 
x [C npD (x 2 ) + C npW (x 2 ) + C pp ^ PP (x 2 ) + . . .] 

= -if d 4 x x d 4 x 2 d 4 x 3 T(C^ pp (x 1 )C npD (x 2 )C npW (x 3 )) + ... (C.7) 

The ellipses denote the terms which do not contribute to the matrix element of the 
transition p + p — > D + W + and the interaction £ np w(^) is given by Eq. (C.4). The S 
matrix element S pp ^ DW+ contributing to the transition p + p — > D + W + we determine 
as follows 

S pp^dw+ = ~ l \ d 4 x 1 d 4 x 2 d 4 x 3 T(C^ pp (xi)C npD (x 2 )C QpW (x 3 )). (C.8) 

For the derivation of the effective Lagrangian £ pp ^ DW + (x) containing only the fields of the 
initial and the final particles we should make all necessary contractions of the operators 
of the proton and the neutron fields. These contractions we denote by the brackets as 

< Spp-+DW+ >= -i J d 4 x 1 d 4 x 2 d 4 x 3 < T(C p y pp (x 1 )C QpD (x 2 )C npW (x 3 )) > . (C.9) 

Now the effective Lagrangian £ pp _ + dw+ ( x ) related to the S matrix element < S p p^_ >DW+ > 
can be defined as 

< S p 3 p Ldw+ >= i J d 4 xC pp ^ DW +(x) = 

= -iJ d 4 Xl d 4 x 2 d 4 x 3 < T(£P™(x 1 )/: npD ( a : 2 )/: np w^3)) > • (CIO) 

In terms of the operators of the interacting fields the effective Lagrangian C pp ^dw+( x ) 
reads 

J d 4 x £ pp ^dw+ (x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ w (x 1 )jC^(x 2 )C ap y/(x 3 )) > 

= -^G npp x (-igv) x (-g A ) J d 4 x x d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([p c (t 1 ,f 1 + ^p)-y a -y 5 p(t 1 ,x 1 -±p)]Dl(x 2 )W-(x 3 )) 

1 1 
x < 0|T([p(fi,£i + -p)l a l 5 p c (h,x 1 - -p)][p c (x 2 )^n(x 2 ) - n^x^p^)} 

x [n(x 3 )Yl 5 p{x 3 )})\0 > -^G^nn x (-igv) x ( Qa) J d 4 x x d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([^(t 1 ,f 1 + lf?)^ p (t u x 1 - l -p)\ D\(x 2 ) W~(x 3 )) 

x < 0|T([p(t 1 ,f 1 + ip) 7 V(t 1 ,f 1 -^p)][p c {x 2 )Yn{x 2 ) - n c {x 2 )^p{x 2 )} 
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x[n(x 3 )Yl 5 p(x 3 )})\0>. (C.ll) 

Since p + p — > D + W + is the Gamow-Teller transition, we have taken into account the 
W-boson coupled with the axial nucleon current. 

Due to the relation n c (x 2 )^p(x 2 ) = —p c (x 2 ) ^n(x 2 ) the r.h.s. of Eq. (C.ll) can be 
simplified as follows 

J d A x £ pp ^ DW + (x) = - J d 4 x 1 d A x 2 d 4 x 3 < T(C^ pp (x 1 )C npD (x 2 )C npW (x 3 )) > 

= G^pp x {-igv) x 9aJ d A x 1 d 4 x 2 d A x 3 J d 3 pU(p) 
x T([p c (t 1 ,f 1 + Ip) 7a7 5 p(t 1 ,f 1 -±p)]Dl(x 2 )W-(x 3 )) 

x < 0|T([p(ti,X! + I^) 7 « 7 y(ti,fi - ip)][p c (x 2 ) 7 ^ t n( a : 2 )][n(x3)7Vp(^)])|0 > 
+G 7rp p x (-igv) x # A J d A x 1 d A x 2 d 4 x 3 J d 3 pU(p) 
x T([^(t 1 ,f 1 + ip) 7 5 p(*i,*i - ip)] £>t(x 2 ) H^-(x 3 )) 

x < 0|T([p(*i,fi + ^p) 7 V(ti,xi - ip)][p c (a; 2 )7 M n( a ; 2 )][n( a ;3)7 !y 7 5 p(^3)])|0 > . (C.12) 
Making the necessary contractions we arrive at the expression 

J d 4 x £ pp ^dw+ (x) = - J d A x 1 d A x 2 d A x 3 < T(C P ^ pp (x 1 )C npD (x 2 )C npW (x 3 )) > 
= 2 x Gjrpp x (—igv) x g A J d 4 X\d A x 2 d A x 3 J d 3 pU(p) 
x T([^(t 1 ,f 1 + ip) 7 a7 5 p(ti,^i -\p)\Dl(x 2 )W-(x 3 )) 
x (-l)tr{ 7 Q 7 5 H)^(^i -*2,xi -£ 2 - l -p)l»(-i)S F (x 2 -x 3 )Yl b 
x (-i)S F (t 3 - ti, x 3 - fi - - p)} 
+2 x G^pp x (-igv) x Pa y rf 4 xi<i 4 x 2 (i 4 a;3 ^ d 3 pU(p) 
x Tfl^f!,*! + ip)7 5 p(*i,xi - ip)] £>J,(x 2 ) ^-(x 3 )) 
x (-1) tr{ 7 5 (-0^(t! - t 2 , x x -x 2 - X - p)Y(~i)S F (x 2 - x 3 )Yl 5 

x (-i)S F (t 3 - h, x 3 -x x - X - p )}, (C.13) 

where the combinatorial factor 2 takes into account the fact that the protons are identical 
particles in the nucleon loop. This is resulted by the contribution of two diagrams depicted 
in Fig. 1. 



52 



Let us confirm the appearance of the factor 2 by a direct calculation: 
J d 4 x £ PP ^ DW + (x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(£^ pp (xi)£ npD (x 2 )£ npW (x 3 )) > 

= G Tpp x (-igy) x g A J d 4 x x d 4 x 2 d 4 x 3 J d 3 pU(p) 
x T([p c (t 1 ,f 1 + l -p) la ^ p {t 1 ,x 1 -±p)]Dl(x 2 )W-(x 3 )) 

x < 0|T([p ai (*i,fi + l -p ) (7 a 7 5 C)ai/3iP/3i(^i^i -^Pllk^K^^nftfe)] 
x [n a3 (^3)(7"7 5 ) a 3APA( a; 3)])|0 > +(7«7 5 ® 7°7 5 -> 7 5 ® 7 5 ) = 
= G npp x (-igy) x 9a J d 4 x x d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([^(ti, f i + i p ) 7«7 5 p(ii, #i - ^ p)] ^J(^) W-(x 3 )) 

X {(7 a 7 5 C)ai/3i(-0'S'i ;, ( t 2 - *1,X 2 - fl + ^P)a 2 /3i(C7 / ")a 2 /32(-^)'S'F( a; 2 ~ ZsWs 

X (t'VWsM) 5 '^ -*1,X 3 -Xi ~ ^p) p 3ai ~ 
-(-i)S F (t 2 -h,X 2 -fi - ip)a 2ai (7 a 7 5 C , )a 1 ft(C7 M )a 2 /3 2 (-0^F(a;2 -^3)/3 2 a 3 

x (7"7 5 )a 3 /3 3 (-0^F(i3 - *i, x 3 - fi + ^pWj + (7«7 5 ® 7°7 5 - 7 5 ® 7 5 ) = 
= G^pp x (-igy) x 9aJ d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU{p) 

x T([p c (t 1 ,f 1 + ^p) la ^p( tl ,x 1 -±p)]Dl(x 2 )W-(x 3 )) 
x {tr{ 7 a 7 5 CH)SJ(*2 - *i, f 2 - fi + ^p)C7^(-i)^(x 2 - x 3 ) 7 V 

x (-i)S F (t 3 - t x , f 3 - fi - ^p )} 
-(-i)[<M*2 -*i,*2 -*i - ^p , )7 Q 7 5 C]a 2/ 3 1 [C 7 ^(-i)^(x 2 -x 3 ) 7 V 
x (-i)S F (t 3 - *i,f 3 - £i + ^P)kft} + (7a7 5 ® 7 a 7 5 -> 7 5 ® 7 5 ) = 
= G 1Tpp x (-iy v ) x g A J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([p" c (ti,fi + ^p) 7a 7 5 p(ti^i - ^p)] £>i(x 2 ) W-(x 3 )) 
x {(-l)tr{ 7 V[G T ^(t 2 - ti,£ 2 -X! + \p)C]^{-i)S F {x 2 - x 3 ) 7 V 
x {-i)S F (t 3 - t u x 3 - fi - -p)} 
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+(-l)tr{(-i)[S£(i 2 - h,x 2 - X! + -p)r^C] T r(-i)S F (x2 - x 3 )Yl 5 
x (-i)S F (t 3 -t 1 ,x 3 -x 1 + ^p)}} + ( 7a7 5 <g> 7 a 7 5 -> 7 5 ® 7 5 ) = 
= G^pp x (—igy) x (? A J d A x\d A x 2 d A x 3 J d 3 pU(p) 
x T([^(t 1 ,f 1 + ^p) 7a 7 5 p(ii^i - ^P)]^ 2 ) W-(x 3 )) 
x {(-l)tr{ 7 a 7 5 H)^i -t 2 ,fi -£ 2 - l -p)Y{-i)S F {x 2 -x 3 )Yl b 
x (-i)S F (t 3 -t!,X3-xi- -p)} 
+ (-l)tr{C T ( 1 a 1 5 ) T C(-t)S c F (ti - t 2 , fx - x 2 + ^p)Y(~i)S F (x 2 - x 3 )Yl 5 

x (-i)S F (t 3 -t 1 ,x 3 + x 1 + ^p)}} + ( 7a7 5 ® 7°7 5 - 7 5 ® 7 5 )- (C14) 

Here we have used the relation C = — C T . Then, by applying the relation C T (^ a ^) T C = 
^ a j 5 we obtain the following expression 

J d A x £ PP ^ DW + (x) = - J d A x 1 d A x 2 d A x 3 < T(Clg^ pp (x 1 )jC n p D (x 2 )jC npW (x 3 )) > 
= G^pp x {-igy) x g A J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
x {Tfl^x, 27 + l - p) 7a7 5 p(ti^i - \ P)\ Dl(x 2 ) W~(x 3 )) 
x (-l)tr{ 7 a 7 5 H)^i - f 2 , fx - x 2 - ^p)^{-i)S F {x 2 - x 3 ) 7 !/ 7 5 
x {-i)S F (t 3 - t u x 3 - fi - ^p)} 
+T([p c (t 1; 27 + 1 p) 7a7 5 p(ti, fi - ^ P )] £>J(x 2 ) W7(x 3 )) 
x (-l)tr{7 a 7 5 (-0^(^i - *2, fi - f 2 + ^p)Cy t (-i)5' F (a; 2 - x 3 ) 7 V 

x (-i)S F (t 3 -t 1 ,x 3 + x 1 + ^p )}} + ( 7a7 5 ® 7°7 5 - 7 5 ® 7 5 )- (C15) 
Using the property of the operators 

[p^l^l + ^p)^,^-^)] = [pc(t 1 ,f 1 -I / ?)rp(t 1 ,f 1 + ^ / 9)] (C.16) 

for T = 7°7 5 and 7 s , we get 

J d A x £ PP _ > DW+ (x) = - J d A x 1 d A x 2 d A x 3 < T(C^ w (x 1 )jC^(x 2 )C ap y/(x 3 )) > 

= G wp p x (-igy) x g A J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
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x {Tfl^ix, fx + ^ p) 7a7 5 p(ti,^i - ^ P )] £^2) W7(x 3 )) 

x (-l)tr{ 7 Q 7 5 ^(t 1 - t 2 ,f! - f 2 - ^p) 7 ^(-i)^(x 2 - ^hV 

1 

x {-i)S F (t 3 - t u x 3 - x\ ~ 2^)} 
+T([p c (t 1 ,f 1 - ^p) 7c *7 5 p(^i + ^p)] Dl(x 2 ) W~(x 3 )) 
x (_l)tr{(-i) 7 V^(ii - h, x 1 -x 2 + ±p)C-f(-i)S F (x 2 - x 3 ) 7 V 

x (-i)S F (t 3 -t 1 ,x 3 + x 1 + ^p)}} + ( 7a7 5 ® 7°7 5 ^ 7 5 ® 7 5 )- (C.17) 

Making a change of variables p — > — p in the last term, we arrive at the expression 
Eq. (C.13). 

Then, S F (x) and S F (x) are the Green functions of the free anti-nucleon and nucleon 
field, respectively: 

r d A k p~ ik ' x 

S c F (x) = CS T F {-x)C T = S F (x) = j (2?r) 4 M ( C - 18 ) 
Passing to the momentum representation of the Green functions we get 

J d A x £ pp _Dw+ (x) = 

- i9A^ PP8n2 J d Xl J (2ff)4 (2 ^ )4 e e 
x J d 3 P U(p)Tmt 1 ,x 1 + ^p) lal 5 p(t 1 ,x 1 -^p)]D^ 

X /^V^tr{ 7 Q 7 5 i -7 M ^W7 5 i -1 

_, 0aG iY_ y ,4 f^d^d^h ik 2 .(x 2 -x 1 )-ik 3 -(x 3 -x 1 ) 

x j < PpU(j>)T(\F(t 1 ,£ 1 + ^p) 7 5 p(ii,^i- ^p)]^^)^-^)) 

x f^le^-PtrL 5 1 ^7" * -1, (C19) 

tHz 1 M N - fci + £; 2 M N - fci M N - fcx - fc 3 J 

where <f = fci + (k 3 — k 2 )/2. 

In order to obtain the effective Lagrangian describing the process p + p^D + c+ + 
u c we have to replace the operator of the W-boson field by the operator of the leptonic 
weak current Eq. (C.5): 

J d 4 x £ pp ^Dc+!/ c (x) = 
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- 19aG ™V2Sk 2 J J (2?r) 4 (2tt) 4 6 
x I rf 3 p^(p)T([p c (ti,fi + \p)l a l b p{tux l -\p)\Dl{x 2 ) $„ e {x 3 ) lv {l -7 5 )^e(^ 3 )]) 

J n 2 i i 



d 4 h iff . ^ [ n 5 i 1 _ 5 



[ M N - fci + k 2 M N - fcx M N - fci - k 3 . 



+, 0aG f d x * d ^ d x * d k * e -ih ■ (x 2 - x 1 )-ik 3 ■ (x 3 - X,) 

x J rf 3 pf/(p)T([p c (ti,fi + ^p)7 5 p(*i,£i -\p)\Dl{x 2 ) [^ c (x 3 ) 7 ,(l -7 5 )^e(^)]) 

x f^le^-PtrL 5 1 ^ ^-tV i -V (C20) 

J { M N - ki + k 2 M N -ki M N -ki-k 3 ) 

Now we are able to determine the matrix element of the process p + p — > D + e + + v c as 
J d A x <'D(k D )e + (k c+ )v c (k u J\£ pp ^ I)c + 1/c (x)\p(p 1 )p(p 2 ) >= 

(ar^fa + fe-p.-p.) ^(P + P^D + ^ + "J , (C . 21) 

/2£?iV 2E 2 V2E D V 2E C +V2E V V 



where fc^ = /c c + + /c^ c is the 4-momentum of the leptonic pair, Ei (i = l,2,D,e, v e ) are 
the energies of the protons, the deuteron, positron and neutrino, V is the normalization 
volume. 

Taking the r.h.s. of Eq. (C.20) between the wave functions of the initial \p{pi)p{p 2 ) > 
and the final < D(/c D )e + (/c e +)z/ e (fc I/e )| states we get 

fo \^)fu , , \ 7W(p + p^D + e+ + z/ e ) 

(27r) 5 y j (fc D + h-pi -p 2 ) 



^2E X V2E 2 V 2E D V 2E C+ V 2E Uc V 
■2 d A x 3 d A 

yfttor 2 J J (2tt) 4 (2^Y 



-ia.G (d A x, f d ' x ^ jk 2 ■ (x 2 - xj-ih ■ (x 3 - x,) 

- ig A ^ pp 2 J Xl J e 



x J d 3 P U(p) <D(A; D )e + (A; e > c (A;J|T([^ 

X [VV C (^3)7^(1 ~ 1 5 )M X 3)])\P(P1)P(P2) > 

J n 2 i I 



d 4 h iff . a7 ( „ 5 I 1 _ 5 1 



1 M N - fcx + A; 2 M N - fci M N — k\ — k 3 , 

'4„. j4i._ j4^. j4; 



+, 0aG /> / d x ^ fc2 d x * d h e -ih ■ (x 2 - x 1 )-ik 3 ■ (x 3 - Xl ) 

I d 3 pf/(p) < D(A; D )e + (A; c+ )z/ c (^ c )|T([^(t 1 ,f 1 + l -p) 1 ^p{t u x l - l -p)}Dl(x 2 ) 



x 

X [^ c (^3)7^(l -7 5 )^e(^ 3 )])b(Pl)p(P2) > 



X 



/■ ^l e ig-p tr b i _ r L-^ 7 V i _ . (C.22) 

7T 2 « I M N -h + k 2 M N - fci M N - fci - A; 3 I 
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Between the initial \p(pi)p(p 2 ) > and the final < ~D(kv)e + (k e +)v e (k l , e )\ states the matrix 
elements are defined 

< D(/c D )e + (fc e+ )z/ c (A; I , c )|T([p c (t 1 , x x + - p ) ja^pih, x t -- p)\ Dj(x 2 ) 

x [^{xahuO- ~ 1 5 )Mx3)})\p(pi)p(P2) >= V2lu c (p 2 hal 5 u(Pi)}Hku c hu(l - 7>(M] 

e -i(pi + P2) ■ xx e ik D ■ x 2 e ik e ■ x 3 

i 



2E 1 V 2E 2 V 2E D V 2E e+ V 2E U V 



< D(/c D )e + (/c e+ )z/ e (^J|T([p c (t 1 ,f 1 + ^p) 1 5 p(t 1 ,x 1 --p)]Dl(x 2 ) 

x [</v c (x 3 )7,(l - 1 5 )Mx3)])\p(Pi)p(P2) >= V2[u c (p 2 h 5 u( Pl )][u(K c ) lu (l - -y 5 )v(k e+ )] 

-i(pi + p 2 ) ■ x x ik D ■ x 2 iki ■ x 3 
x e;(k D ) ^ PP (p) m , (C.23) 
^/2E 1 V2E 2 V2E D V2E c+ V2E Vc V 

where ^pp(p)in is the wave function of the relative movement of the protons normalized 
per unit density [8]. At low-energies the wave function i s given by Eq. (|3~2] ). 

Substituting Eq. (|3.2|) in Eq. (C.23) we obtain the matrix elements in the form 



< D(A; D )e + (fc e+ )i/ e (^ c )|T([p c (t 1 , xi + -p) Ja^pih, x t -- p)) Dj(x 2 ) 



x [^ c (x 3 )7,(l - 1 5 )M^)])\P(P1)P(P2) >= -V2a c pp C{ V ) 5^ [u-(p 2 ) lal 5 U ( Pl )} 

-i{pi + p 2 ) ■ xi ik D ■ x 2 ike • x 3 



x [u(K c ) lu (l - 7>(M] e*Jk D ) € 



2E 1 V 2E 2 V 2E D V 2E e+ V 2E V V 



< D{k„)e + (k e+ )u e (k l/e )\T{^(t 1 ,x 1 + ^p) 1 5 p (t 1 ,x 1 --p)]Dl(x 2 ) 

x [^ c (x 3 ) 7 ,(l - l 5 )M^)})\p(Pi)p(P2) >= -V2a c pp C( V ) ?M [u^hMPi)} 

P 



( i(px + p 2 ) ■ x x e ik D ■ x 2 e ik e ■ x 3 



x [u(kMl - 7>(M] e;(k D ) (C.24) 

^2E 1 V2E 2 V2E D V2E e+ V2E Uc V 

The interacting protons are in the 1 So-state. This means that the spinorial wave function 
of the protons should be antisymmetric under the permutation. In our approach the spino- 
rial wave function of the protons is described by [u c (p 2 )'y a 'y 5 u(pi)} and [w c G°2)7 5 w(pi)], an- 
tisymmetric under permutations of the protons: [u c (p 2 )j a j 5 u(pi)] = — [u c (pi) r y a 'j 5 u(p 2 )} 
and [u c {p 2 )^ 5 u(pi)] = -[u c {pi)rfu{p 2 )}. 

Now let us discuss in details the computation of the matrix elements: 

< Olp^fi + -p)Tp{t 1 ,x 1 -^p)\p{pi)p{p 2 ) >, (C.25) 
where we have denoted T = 7 a 7 5 or 7 5 . 
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In the quantum field theory approach the wave function \p(pi)p(p 2 ) > should be de- 
scribed in terms of the operators of the creation of the protons a^(pi,<7i) and a\p 2 ,a 2 ), 
where Pi and <7j {i = 1, 2) are the 3-momenta and the polarizations of the protons. There- 
fore, \p(pi)p(p2) > reads 



\p{pi)p{p2) >= -^a t (p 1 ,a 1 )a\p2,a 2 )\0 > . 



(C.26) 



The wave function Eq. (C.26) is taken in the standard form [31]. It is antisymmetric 
under permutations of the protons due to the anti-commutation relation 



a\pi, (Ji) a)(p 2 , cr 2 ) = -a)(p 2 , a 2 ) a'(pi, a x ) 

and normalized to unity. The factor 1/V2 takes into account that the protons are corre- 
lated in the initial state. 

The operators of the proton fields p c (ti, Xi + ^p) and p(t±,xi — \ p ) we represent, first, 
in terms of the plane-wave expansions 



p c (*i,£i + -p) = 



2E 9l V 



+b\q u a ± ) &( Ql ) e lE ^ ~ ^ ' ^ + Pi 2 ) 



1 



1 



92,02 



a(q 2 , a 2 ) u(q 2 ) e~ iE ^ + ^ ' ^ " #2) 



+& t (g 2 , a 2 ) v(q 2 ) e iE ^ ~ ' ^ ~ Pi 2 ) 



(C.27) 



where a(qi, on) (i = 1, 2) and oil) (i = 1, 2) are the operators of the annihilation and 
the creation of protons and ani-protons, respectively. The computation of the matrix ele- 
ment Eq. (C.25) runs the following way. Keeping only the terms containing the operators 
of the annihilation of the protons we get 

1 1 

< 0|p c (ti,fi + -p)Fp{t 1 ,x 1 - -p)\p{pi)p{p2) >= 



E E 



-i(Qi + Q2) ■ Xi + i{qi - q 2 ) ■ p/2 



x [w c (gi) Tu(q 2 )] -j= < 0\a(q 1: on)a(q 2 , a 2 ) a f (pi, a x ) a\p 2 , a 2 )\0 > ■ 
The vacuum expectation value < 0|a(g 1? a±) a(q±, a\) a^(pi, <7i) a){p 2 , a 2 )\0 > reads: 

< 0|a(gi,ai)a(gi,ai)a t (pi,(Ti)a t (p2,o-2)|0 >= 



(C.28) 



3qipi &aiai &q2P2 ^«20"2 ^q~2Pl ^ct2<r\ 3qif>2 $ai<J2i 



(C.29) 
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where we have used the anti-commutation relations 

a(q, a) cr(p, a) + a'(p, cr)a(g, a) = 5^5 aa (C.30) 

and the properties of the operators of the creation and the annihilation: < 0\a'(p, a) = 
and a(q, a)\0 >= 0. 

Substituting Eq. (C.29)in Eq. (C.28) and summing up the momenta and the spinorial 
indices we arrive at the expression 

1 i e ~i(Pi + P2) ■ xi 
< 0|p c (ti,fi + -p)Tp(tx,xi - -p)\p{pi)p{p2) >= 1 

2 2 ■ ] /2E 1 V2E 2 V 

x -L ([uc( Pl )Tu(p 2 )}e l (Pi -Pi 2 - [u^p 2 )Tu( Pl )}e-^ ' Pl^ = 

p -i(Pl +P2) ■ X! 1 / _, . -»/o •(-> -> \ - /o \ 

[u«(p 2 ) T u( Pl )] i e^ 1 - • + e~ l (Pi - • , (C.31) 



2E!V2E 2 V ' 2 

where the relation [u c {pi)Y u{p 2 )} = — [u c {p 2 ) Y u(pi)} has been used. The sum of the 
exponentials 

i ^(Pi - P2) • p/2 + e -i(pi - p 2 ) • P/2^J ( C>32 ) 

describes the spatial part of the wave function of the relative movement of the free protons. 
This wave function is symmetric under permutations of the protons and normalized per 
unit density [8]. Since the protons should be in the 1 So-state, expanding into spherical 
harmonics and keeping only the S-wave contribution we obtain [8]: 

1 -(e i ^P + e- i ^p)= S ^ + ..., (C.33) 
2 V J kp 

where k = (p± — p 2 )/2 is the relative momentum of the protons. In order to take into 
account the Coulomb repulsion between protons we should merely replace 

-^^pp(p), (C34) 

where ip vp (p) = < pp (p)i n is the Coulomb wave function of the protons in the 1 S -state. 
In the low-energy limit ip pp (p) is given by Eq. ( |3.2| ). This completes the explanation of 
the derivation of the matrix elements in Eq. (C.23) and Eq. (C.24). 

Substituting the matrix elements Eq. (C.24) in the r.h.s. of Eq. (C.22) we obtain the 
matrix element of the p + p^D + e + + t / e process in the following form 

(2tt)V 4) (A:d + k t - Pl - p 2 ) iM{v + p -> D + e + + v e ) = 



V2C(r]) QppffAGVpp JL g ^ 2 [w c (p 2 )7a7 5 ^(Pi)] [u{k Vo )^ v {l - ^)v{k e +)} e*^(k D ) 

4 x 2 d A k 2 d 4 X3 
(2?r) 4 (27 
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f ,4 f d 4 x 2 d 4 k 2 d 4 x 3 d 4 k 3 + k ^_ pi _ p2 ) . Xl jfo _ k j . X2 j( kt _ k ^ . X3 
J aXl J (2nY (2ir¥ 
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x/^ (p) ^|^-P tr | r7 



p J rc z t { M N - fci + fc 2 M N - fci M N - fci - fc 3 J 

W2Cfa) a^ A ^ pp ^0[^(p 2 )7 5 «bi)][«(A:,j7,(l - 7>(M] e^fco) 

/■ 4 /■ rf 4 a; 2 ci 4 fc 2 rfW 4 ** % {k 2 + fc 3 - Pl - p 2 ) ■ x x J(k D - k 2 ) ■ x 2 i(k e - k 3 ) ■ x 3 
x J dx 'J ( 27r )4 ( 27r )4 6 

MP) f d ^ Ja ■ o.J '..5 1 1 ,,^,5 



x [d*pU(p)^ r^-hrW „7^7^7 5 



p J rr z t { M N - fci + fc 2 M N - fci M N - fci - fc 3 J 

(C.35) 

Integrating over xi, x 2 , £3, fc 2 and fc 3 we obtain in the r.h.s. of Eq. (C.35) the (^-function 
describing the 4-momentum conservation. Then, the matrix element of the p + p — > D 
+ e + + u c process becomes equal 

iM(j> + p -> D + e+ + u e ) = V2C( V ) a c pp ^ A ^ pp ^0 



x [^(p 2 ) 7a 7 5 «(Pi)]^(^)7,(l-7 5 )^(A:e + )]e;(A:D) / d'pU(p)^ j ^ 



P J 7T 2 i 



x tr {7V- 7 ~ 1 > 7"7 5 ~ 7 r) + V2Cfa) a^A^pp 

1 MN-fcx + fcs M N -fci MN-fcx-fcgJ 

X ^^[« c fe)7 5 «(Pi)][«(^)7,(l -7 5 )^(A: c+ )]e;(A; D ) / d 3 pU(p) ^ 

x / ^e^-P t r( 7 5 1 -7"^-7"7 5 I A, (C.36) 

y « I M N - fci + fc D M N - fci M N - fci - k e ) 

where q = k + (ke — kn)/2. 

It is convenient to represent the matrix element Eq. (C.35) in terms of the structure 
functions J« p ^(k D ,k e ) and J^(k D ,k e ): 

iM(p + p -> D + e + + i/ e ) = 
= - Cfa) yA G 7rpp ^|^[^(p 2 )7 Q 7 5 U (pi)][iZ(fc i , e )7,(l - 7>(M] <(M ^"(Ato, fo) 

- C( V ) g A G wpp ^^[ U c(p 2 h 5 u(Pi)} HkMl - 7 5 MM] e ;(fc D ) Jgfo, k e ), (C.37) 
where the structure functions <J pp v {k-D, ki) and J pp {k-Q, kg) are defined as 

J Q J 7T % 



p 

x tr{ 7 V 1 ^ ^—7V \ ! 

[ M N - fc x + fc D M N - fci M N - fci - fc J 

J£{k», k e ) = -V2a; p f d*p U(p)^ f P 
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xtr{ 7 5 1 ^-Y 1 -^-l u l 5 ~~ ^1- (C38) 

{ M N - £4 + k B Mn — k\ M N - h - k e J 

Thus, the problem of the computation of the matrix element of the p + p^D + e + + z/ c 
process reduces to the problem of the computation of the structure functions Eq. (C.38). 
Integrating over directions of the relative radius-vector p we get 



j4 

J^(k D ,k e ) = -V2a; p 4TT J dppU(p)^p) J - 



d 4 h 


sin 


q\p 


TT 2 i 


\q 


\p 


1 






-k 


- k 





d A k\ sin 


q\p 


n 2 i 


q\p 



x tr<^ 7 V s ^7^ ^tV 

1 Mn-^ + ^d M N -h M N 

00 

JgfoM) = -V2al p 47t J dppU{p)<b{p) J 



xtri 7 5 1 ^7" 7^ 7 5 1 ^1. (C.39) 

1 M N - ki + k D M N - fci M N — kx — ki>) 

We calculate the astrophysical factor at zero relative kinetic energy of the protons. This 
allows to simplify the calculation of the structure functions and set &d — — [5]. In 
this limit the structure functions read 



d A ki sin \ ki\p 
P 



n 7 77 1 M 



x tr{ 7 a 7 5 1 Yl 5 



M N - ki + k D M N -hi M N - hi J 

d 4 /^ sin |/c! |p 



JgfoM) = ~ V2a e pp 4n f dp pU(p) / 





xtr{ 7 5 1 ^7^ Yl b l —-A- (C40) 

1 M N - fcj + k B M N - fcx M N - fci J 

The computation of the momentum integrals defining the structure functions cannot be 
carried out by a Lorentz covariant manner [2,4]. The obvious Lorentz covariance has been 
lost due to the description of the pp interaction in terms of the potential. Therefore, for 
the computation of the momentum integrals it is convenient to follow only the compo- 
nents which give the main contribution in the low-energy limit. For the calculation of 
J^ afiu (k-o , kg) we should notice that in the low-energy limit only the time-component of 
the current [u c {p2)lal 5 u{pif\ survives and obeys the relation 

[U c (p2hal 5 u(p 1 )} = [u T (p 2 )C-f a Yu(pi)} -> 9ao[u T (p2)C-foYu(pi)} = 

= 9a [u T (p2)C l0 C T CYu(p 1 )} = -9ao[u T (p2)loClMPl)} = 
= -9ao[u T (p2)loC l 5 u(pi)] = -g a o[u T (p2)CYu(pi)] = 
= -9a0[u C (p2h 5 u(pi)}, 
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MP2)7a7 5 W(i>l)] 



#aoMP2)7 5 W(i>l)], 



(C.41) 



where we have used the relation u T (p2) 7o — uT {P2)i which is valid in the non-relativistic 
limit due to the dominance of the large components of the Dirac bispinors. 

Then, since the time-component of the polarization vector e*(/co) of the deuteron is 
unphysical and does not contribute to the observed quantities like the cross section, we 
should follow only the spatial part of the polarization vector e* (k-£>) for /i running over 



Now it is rather clear that only the spatial part of the leptonic weak current, when the 
index v runs over v — 1, 2, 3, can give a non-trivial contribution. The former is caused by 
the property of the matrix element to be the scalar under spatial rotations of the Lorentz 
group. This leads to the contraction of indices ji and v. 

Thus, the matrix element Eq. (C.37) reduces to the form 



where the structure functions J^ik-D, kp) and J^ik^, ke) are given in Eq. (C.40). 

For the calculation of the momentum integrals we would follow the philosophy of the 
derivation of Effective Chiral Lagrangians within effective quark models motivated by 
QCD [16-19], in particularly, Chiral perturbation theory at the quark level (CHPT) g [18] 
formulated on the basis of the ENJL model induced by the effective low-energy QCD 
with linearly rising confinement potential [64]. In (CnPT)^ all low-energy vertices of 
meson interactions are determined by one-constituent quark loop diagrams with point- 
like quark-meson vertices and the Green functions of the free constituent quarks with 
constant masses M q = 330 MeV [18]. To the computation of the momentum integrals 
one applies a generalized hypothesis of Vector Dominance [20,28] postulating a smooth 
dependence of low-energy vertices of meson interactions on squared 4-momenta of inter- 
acting mesons. Due to this hypothesis one can hold all external particles off-mass shell at 
squared 4-momenta p 2 much less than M 2 , i.e., M 2 3> p 2 . Then, after the computation 
of the momentum integrals at leading order in long- wavelength expansion, i.e., in powers 
of external momenta, the resultant expression should be continued on-mass shell of inter- 
acting particles. Within the framework of this procedure one can restore completely all 
variety of phenomenological vertices of low-energy meson interactions predicted by Effec- 
tive Chiral Lagrangians [16-19,20,21]. It is important to emphasize that this procedure 
works good not only for light mesons like 7r-meson, which mass is less than the mass of 
constituent quarks, but for vector mesons like p(770), cj(780) and so on, which masses 
are twice larger than the constituent quark mass. Since the former resembles the RFMD, 
where the mass of the deuteron amounts to twice the mass of virtual nucleons, we expect 
that the long-wavelength approximation should work in the RFMD as well as in effective 
quark models with chiral U(3) x U(3) symmetry applied to the derivation of Effective 
Chiral Lagrangians. 

Thus, for the computation of the momentum integrals we assume that the deuteron 
is off-mass shell and Mn 3> \fk^- Then, we expand the integrand of the structure 
functions Eq. (A. 39) in powers of kn keeping only leading contributions. The result of 
the computation we continue on-mass shell of the deuteron k 2 ^ — > [2,4]. 



= 1,2,3. 




(C.42) 
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The computation of J®g v {k-o,ki). For the computation of J^ u {k-Q^ki) we should 
integrate, first, over the virtual momentum. It is convenient to replace k\ — > k: 



rd 4 ksm\k\p i ,, 
J n 2 l k n 



°^, 5 y - 7 " 7 5 - 



\k\p { M N -k + k D M N -k M N - k J 

d 4 fcsin \k\p tr{ 7 V(^N + k- k D )^(M N + k)Yl 5 (M N + k)} 
\k\p \Mn - - M 2 - i^M - k2 - = 

d 4 fc sin |jfe |p tr{ 7 °7 5 (^N + fc - k D )^(M N + k)Y~f 5 (M N + k)} 

2k -k D ) 



x 1 



+ 



1*4 

J TX A l 

rd*k ' 

J TT 2 i 



[M 2 -k 2 -iO]j 
d 4 k sin \k\p tr{-f°k D ^(M N + k)Y(M N - k)} 



\k\p [M 2 -k 2 -i^ 
d 4 k sin \k \p 2k ■ k D tr{ 7 °(M N + k)^(M N + k)Y(M N - k)} 



\k\p [M 2 -k 2 -iO] 4 

= + jf\ (C.43) 
The computation of J^ v runs as follows 

d 4 k s m\k\p tr{ 7 °A;D7^(M N + k)Y(M N - k)} 
W\P [M 2 - k 2 - tOf 

d A k sin \k\p tr{y(M N + k)Y(M N - k)} 
M~\kTp [M 2 -k 2 -iOf " 

o ^ 4 A: sin|fc|pM 2 ^-2W + A:V- 

4A;d J ^IWp [Ef^W^W ' (c ' 44) 



1 J 7T 2 i 

— fi, D 



where fc^ is the time-component of the 4-vector k^ = ) and E 1 ^ = yk 2 + M^. Since 
the indices /x and z/ are the spatial ones, the integration over directions of the vector k^ 
gives 

k^k u ~^\k 2 5^ = ~ k 2 g^ u . (C.45) 
Substituting Eq. (C.45) in Eq. (C.44) we get 

2 

f»» - 4 k° ^ ( ^^hlR M ^ + 3 P + fc ° 2 ~ P 
1 d 9 J nH ^ [E l-k 2 -i^ 

d 4 ksin\k\p l M N-\ E2 k + k2 o 



4^5 



/if 



wH \k\ p [El-kl-iQY 
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4 o ^ fd 4 k sm\k\p4M*-El + 3k 2 
3^ 9 J ttH \k\p [Ei-k 2 -^ ' 



Making the Wick rotation we obtain 

70^ _ 4 ™ sin|fclp 
3 j 7r \k\p 

Integration over £j 4 gives 

r0/-_ 4 .o ^ /^ 3 A;sm|A7|p 4M^A' 



4M^ 



\E\ + kt 



213 



r(3) 



3 ^rU, 



El 

k 



r(3) 



- Z A- n"" f — 

~3 kD9 J 7T 



d 3 £; sin | A; |p 3tt 2 — E 



l*|P 
1 



J 7T 



d 3 fc sin | /c |p 2 — E 



2M 2 



g?A; fc cos kp 



(M 2 +k 2 ) 5 / 2 { (M 2 +k 2 f' 2 



\k\p 
dkk cos kp 



£5 

k 



/i^ 



4^5 



M, 



N 



I 



dk cos fcp 



-/ 



d/c cos fcp 



(M 2 +A; 2 ) 3 / 2 / (M^ + A; 2 ) 1 / 2 



We have performed the integration by parts over \k\ = k. As a result we obtain 

d 4 k sm\k\p tr{~f°k B ^(M N + k)Y(M N - k)} 



jOfMU 



\k\ P 



[M 2 - k 2 - iO] 3 



ixi> 



4% 9 



M 2 



dk cos kp 



3-" J (M 2 +k 2 ) 



dk cos fcp 



2 v !/2 •/ (M 2 + k 2 )^ 2 



The computation of runs as follows: 

d 4 k sin \k \p 2k ■ k D tr{ 7 °(M N + k)^(M N + k)Y(M N - k)} 



J IX 2 



\k\ P 



[M 2 - k 2 - i0} 4 



2k 



i d 4 k sin |fc |p fc tr{7°(M N + fc) 7 ^(M N + k)Y(M N - k)} 

The computation of the trace over Dirac matrices 

tr{ 7 °(M N + h)-f(M N + fc)7"(M N - fc)} = 

= tr{(M N - A;) 7 °(M N + A;) 7 ^(M N + fc) 7 "} = 
= tr{(M N7 ° - fc 7 °)(M 2 yy + 2M N fcY + WW)} = 

= tr{-M 2 "WYY - h°WW} = 
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= tr{-M£A;7V7" + k^'fk'f - 2k Q k^kY} = 
= 4 (- k M 2 g» v - k k 2 - 2k 2Wk v + 2k k 2 g^) = 
= -4k {M 2 g» v - k 2 <T + 4 Wk v ). 
Substituting Eq. (C.51) in Eq. (C.50) we obtain 

d 4 ksm\k\p k 2 (M^ g^ - k 2 g» v + AW) 



Jf v = -8 k° D 



\k\p 



[ei - k 2 - ioy 



= -8k° D 



d*ksm\k\p k 2 (M 2 g^-k 2 g^--k 2 9 n 



7T 2 i 



\k\p 



[El - k 2 - i0]< 



-skW"J d - 



d A k sin \k\p fc o(^N - k 2 + k 2 - ± k 2 ) 



\k\p 



m - k 2 - ioy 



k 

„2/ S/f 2 



J 1tH 



d 4 £;sin \k\p k o( M N K - k' 



\k\p [El-k 2 -iOY 



= -8k° D g^J 



4 

d A k sin \k \p M n - § E l ~ k o) 



7T 2 i 



[El - k 2 - i0]< 



8 



\k\ P 

d 4 k sin \k \p k 2 (A M 2 - El - 3 k 2 ) 



— - b° CI 1 "' 

3 J ttH \k\p [El-k 2 -iO] 



k 



n,v f <±_ 

d9 J tt 



d 3 k sin \k \p 
\k \p 



dh 



k 2 4 (AM 2 -El + 3kl) 



[El + k\ 



214 



,0 fXV f ^_ 

^ 9 J 7T 



d 3 k sin \k \p 



4M£ 



3' 



r(4) 



3 T \2r\2 



E l 



r(4) 



l,o ™ rrf 3 fc sin|fc| P 2M^ + E| 



/i;/ 



kj)9 



Mi 



dk cos kp 



+ 



o (M^ + A; ) 7 { (M 2 +k 



dk cos /cp 



2\l/2 



As a result Jo^ reads 



J. 



J 7T 



d A k sin |fc \p 2k ■ k D tr{ 7 °(M N + k)^(M N + k)j u (M N - k)} 



\k\p 



K D 9 



Ml 



[M 2 - k 2 - iO] 4 
dk cos kp r dk cos kp 



(M 2 + k 2 f 2 J (M 2 + k 2 y/ 2 



65 



Summing up the contributions given by Eq. (C.49) and Eq. (C.53) we obtain the structure 
function J°^(k B ,k e ): 



= --k D g^V2al p An J dppU(p)$(p) 

o 

CO 

= --k° B g^V2al p An J dp pU(p) 



oo 



4 2 /■ d/c cos kp f dk cos kp 



M N 



3 N 7 (M 2 +A; 2 ) 3 / 2 / (Jl^ + fc 2 ) 1 ' 2 



^ M N p#i(M N p) - ^o(M N p) 



(C.54) 



o 

where Ki(M^p) and K (M^p) are the McDonald functions. 

Now the structure function should be continued on-mass shell of the deuteron. For 
this aim we should only set k^ = M D — 2 M N : 



16 7 
J^(k D ,h) = --M N g^V2al p 47r J dp pU{p) 



4 

- M^pK^M^p) - Ko(Mvp) 



(C.55) 

The structure function Jpg v {kv, kg) given by Eq. (C.55) should be applied to the compu- 
tation of the matrix element of the solar proton burning. 

The computation of J pv v {kn^ki). The computation of J^ p [k^,^ki) is analogous to 
J^ v {kv>i kg) and runs as follows: 



J^(k B ,k e ) = -V2a; p 4n f dp P U{p)*{p) I — 



— * 

d k sin \ k \p 



[1 1 1 

x tr<^ 7 5 s ^7^ 7 5 



M N - fc + A; D M N - fc M N - fc J 

d 4 fc sin |fc |p J 5 1 1 5 1 



~7" T" 



o 

CO 



|fc |p I M N -k M N - fc M N - fc . 



AT « ., 7 j m 4 /•<i 4 *sin|fc|ptr{7"(A/ N + *;)T''} 
= - 4 M N ^ V2 <p 4. / d „ , <,(,) .(,) / ^ 
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= -8M N g^V2a e pp 4irj dp pU(p) $(p) K (M N p). (C.56) 

o 

Thus, the structure function J^ik^-, hf) is given by 

oo 

JgikoM) = -8Ahg^V2a c pp Art J dp pU(p) $(p) K (M^p). (C.57) 



The structure function J7^(/cd, kg) does not depend on the 4-momentum of the deuteron. 
Therefore, it does not change itself due to the continuation on-mass shell of the deuteron. 

We represent the structure function defining the amplitude of the solar proton burning 
Eq. (C.42) as follows 



-iTjT (fc D , h) + J^ u (k D , h) = 6 M N <T T\ 



pp 



pp' 



(C.5? 



The factor T pp is given by 



32 t 

Fir = y/2a^ -Arc J dp p U(p) $(p) 



MkpKi{M nP ) - — K (M N p) 



(C.59) 



Due to the McDonald functions the integral over p is concentrated in the region < 
p ~ 1/Mn, one can set with a good accuracy = 1. This signifies that the main 

contribution comes from the irregular part of the Coulomb wave function. As a result 
in the RFMD the contribution of the Coulomb repulsion to the amplitude of the solar 
proton burning reduces itself to the appearance of the S-wave scattering length a pp = 
(—7.828 ± 0.008) fm of the low-energy elastic pp scattering and the Gamow penetration 
factor C{rj). Setting $(p) = 1 we get 



32 r 

F e pp = V2a c pp -4Ti J dppU(p) 



15 

M^pK^Mxp) -—K {Mvp) 



V2al p f 7 M*Jdpe- M *P 



MnpK^Mnp) - \- K (M N p) 



(C.60) 



where we have substituted the Yukawa potential Eq. (|1.4j ). 

For the calculation of the integral over p we suggest to use auxiliary formulae 



J dxe~ Xx K (x) 



dxxe Xx K (x) 



1 



1 A 



arctg 



x/T^A 2 

A : 



1 - A 2 (1 - A 2 ) 3 / 2 



arctg 



Vl^A 2 
A ' 



dxxe Xx K\{x) 



dxe 



—A x 



Kn(x) — A / dxxe 



— A x 



K a (x) 



(c.6i; 
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By applying these formulae we compute the factor T pp . 



J- pp - V z a pp 27 



Mi 



;m^-m2 8 

arctg- — h 



7 M£ - 



arctg 



1.78. 



(C.62) 



7 (M£ - M2)3/2 — ° .U, 

This, completes the explanation of the derivation of the matrix element of the solar proton 
burning. 



Appendix D. Computation of the matrix element of 
the process z/ e + D^e~ + p + p 

The process z/ c + D^e~ + p + p runs through the intermediate W-boson exchange as 
follows v c + D — > e - + W + + D — > e~ + p + p. In the RFMD the matrix element of the 
transition v e + D — > e _ + W + + D^e~ + p + pis defined by the effective interactions 

4 pD (z) = -iffv[p(i)/n c (j;) - n(a;)7> c (a:)] ^(x), (D.l) 

C^ pp (x) given by Eq.(C.l) and 

4 P w(*) = ~ 9Al")n{x)] W u + (x). (D.2) 

For the description of the transition u c — > e~ + W + we replace the operator of the W- 
boson field by the operator of the leptonic weak current 

W+{x) -> [^ e (x)7,(l - T^lM*)]- (D.3) 

The S matrix element S^.+ D responsible for the transition W + + D — > p + p can be 

obtained by analogy with the S matrix element S pp _^ DW+ describing the transition p + p 
-> D + W+ (see Eq. (C.8)) and reads 

SwVd^pp = ~i J d'x^x^x, T(£ e P r PP (^i)4pD(^)4 P w(^)). (D.4) 

For the derivation of the effective Lagrangian £ W + D _^ pp (:r) containing only the fields of the 
initial and the final particles we should make all necessary contractions of the operators 
of the proton and the neutron fields. Denoting these contractions by brackets we get 

< S$ + D-pp >= ~i J d A Xl d A x 2 d A x, < T(£Pr PP (^i)4pD(^)4 P w(^)) > • (D.5) 

The effective Lagrangian £w+D-» PP ( a; ) related to the S matrix element < Sy +D ^ pp > is 
defined as 

< S w+D->p P >= i / d 4 x £ W+D ^ pp (x) = 
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= -ij d 4 x,d 4 x 2 d 4 x 3 < T(^r PP (^i)4 P D(^)4 P w(^)) > • (D.6) 

In terms of the operators of the interacting fields the effective Lagrangian £w+d^ pp (^) 
reads 

J d 4 x C w+D ^ pp (x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(£^™(xi)Cl pB (x 2 )Ct pW (x3,)) > 

= 2 G *pp x (~^v) x 9aJ d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 
x T([p(*i,fi + \p)r^P c (ti,x 1 -±p)]D,(x 2 )W+(x 3 )) 
x < 0\T(^(t 1 ,x 1 + ^p) lal 5 p(t 1 ,x 1 -\p)}[p{x 2 )rn c {x 2 )-n{x 2 )^p c {x 2 )} 
x ^{xz)l v l b n(x 3 )\)\0 > +^G 7rpp x {-igw) x g A J d 4 Xl d 4 x 2 d 4 x 3 J d 3 pU(p) 
x Tmh,^ + Ip) 7 V(t 1 ,f 1 - ip)] L>^ 2 ) W+(x s )) 

x < 0|T([p c (ii,fi + ^p) 7 5 p(t 1 ,f 1 - ^p)}[p(x 2 )^n c {x 2 ) - n(x 2 )^p c (x 2 )} 

x [p(x 3 )nM^)])\0 > ■ (D.7) 

Since W + + D — > p + p is the Gamow-Teller transition for the protons in the 1 So-state, 
we have taken into account the W-boson coupled with the axial nucleon current. 

Due to the relation p(x 2 )'-y^n c (x 2 ) = —n(x 2 )'j^p c (x 2 ) the r.h.s. of Eq. (D.7) reduces to 
the form 

J d 4 x C w+D ^ pp (x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ w (xi)Clp D (x 2 )Cl pW (x3)) > 

= x ig v x g A J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU{p) 

x T([p(t 1 ,f 1 + ±j}) lal * p °(t 1 ,Z 1 -±f?)]D^x 2 ) W+(x 3 )) 
x < 0|T([^(t 1 ,f 1 + l -p) 1 ^p{ tll x 1 - l -p)][n{x 2 )^p c {x 2 )} 
x [p(x 3 )Yl b n(x 3 )])\Q > +G^ PP x ig Y x g A J d 4 x x d 4 x 2 d 4 x 3 J d 3 pU(p) 
x T([p(*i, fi + \ phYitu^ - \ p)\ D,(x 2 ) W+(x 3 )) 

x < 0|T([p c (*i,fi + ip) 7 5 p(t 1 ,f 1 - ^p)][n(x 2 ) 7 Y(i 2 )] 

x[p(x 3 ) 7 V^3)])|0>. (D.8) 
After the necessary contractions we arrive at the expression 

J d 4 x £p P _>DW+ (x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ pp (xi)Cl pD (x 2 )Cl pW (x 3 )) > 
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= 2 x G npp x ig v x g A J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 

x T(\p(t u x ! + 1 p ) 7a7 V (ix, fx - 1 p )] L> M (x 2 ) W+{x 3 )) 

x (-l)tr{ 7 V(-0^(^i -*3,xi -f 3 -\p)l v l b {-i)S F {x^-x 2 )^ 

1 

x (-i)S F (t 2 - ti,x 2 -X! - -p)} 
+2 x GVpp x ig v x 9a J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
x T([p(t 1 ,f 1 + ^p) 7 V(*i,xi - l -p)\ D^x 2 ) W+(x 3 )) 
x (-1) tr{ 7 5 (-2)^(tx - i 3 , fi - x 3 - l - p)i u i\-i)S F {x 3 - x 2 ) 7 " 

x (-1)5^2 -*i,x 2 -fi-^)}. (D.9) 

The combinatorial factor 2 takes into account that the protons are identical particles in 
the nucleon loop (see Eqs. (C.13) - (C.17)). 

In the momentum representation of the nucleon Green functions we define the effective 
Lagrangian £ W + D _> pp (x) as follows 



J d A x £ W+D ^ pp (x) 



j„ K Cr 9v f d A Ti ( - X2<1 k<2 - X * d ks e ik * ■ (^2 - x t ) ik 3 ■ (x 3 - Xl) 



x 



| rf 3 pf/(p)T([p(t 1 ,f 1 + ^)7«tV(*i,*i - i^)]!)^) W+(x s )) 



x / ^i e -^-p t r{ 7 a 7 5 I ^ 7 " 7 5 



7^ 2 * [ ' M N - k x - k 3 ' ' M N - fci ' M N - fci + fc 2 



-i9AG^—Jd Xl J (2?r)4 ^ e 



x 



x I ^^(p)T([p(t 1 ,f 1 + ip) 7 y(t 1 ,f 1 -ip)]^(x 2 )^+(x 3 )) 
/ ^e-^-^tr( 7 5 1 ^ 7 V L^y 1 U ( D .10) 



j ^1 c -i(? ■ J 5 1 !/ 5 ! a 1 

7T 2 i j 

— * — * — * 

where q — k± + (k 3 — k 2 )/2. 

In order to obtain the effective Lagrangian describing the matrix element of the process 
u e + D — > e" + p + p we replace the operator of the W-boson field by the operator of 
the leptonic weak current Eq. (D.3): 



J d X C- Va D^c pp(-^) 
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-- ia ,G fd 4 xi [ d ' x ^ ^ 4 fc3 ik 2 ■ (x 2 - X, ) ik 3 ■ (x 3 - X, ) 

- ig^^^jdx,] ^ ^ e 

x J cPpUWTmtuX! + ^p)7«7¥(fi,*i - ^P)]^2) [^ c (x 3 )7,(l -7 5 )^ c (^ 3 )]) 

fd*ki e -iq.p t ( 
J n 2 i [ 

taA G 9^^L /> [d^2^d*xsd*h Jk 2 -(x 2 -x 1 )Jk 3 -(x 3 -x 1 ) 
ig A ^ PP ^ 87r2 J a Xl j (2 ^ )4 (2 ^ 4 



x / ( "■' ''tr<7 a 7 5 1 — 7 I/ 7 5 ^-^7 M 1 — 

' 1 M N -h-k 3 M N - h M N -k 1 + k 2 



x | rf 3 p^(p)T([p(ti,fi + ^p) 7 V(ti,^ - \p)\D^x 2 ) [Mx 3 ) lu (l -7 5 )^ c (^ 3 )]) 



x 



/ ^le-^-PtiL 5 1 ^ 7 " 7 5 1 -1, (D.ll) 

J [ M N -k 1 -k 3 Mm — k\ M N - k x + k 2 J 

The matrix element of the process u c + D — > e~ + p + p we define by a usual way as 
y d 4 s < p(p 2 )p(Pi)e~(V)|^eD^e-p P (^)|D(^D)^e(^ e ) >= 

= (ar^fe + p, + - t D - fo.) A<C. + D-e-+p + P ) 

S ]2E 1 V2E 2 V 2E C - V 2E D V 2E Uc V 

where Ei (i = 1, 2, D, e~, v e ) are the energies of the protons, the deuteron, electron and 
neutrino, V is the normalization volume. 

Now we should take the r.h.s. of Eq. (D.ll) between the wave functions of the initial 
|D(^d)^ c (^ c ) > and the final < p(p2)p(Pi)e~ states. This gives 

(o \4jf(4)/ , , z 7 / \ M(u c + D -> e - +p + p) 
(2tt) <^ '(p 2 + Pi + «e- - «d - fc„J / = 

s]2E x V 2E 2 V 2E C - V 2E D V 2E Uc V 

-- taA G ??-9y_ fd 4 xi /^A^A Jk 2 -(x 2 -x 1 )Jk 3 -(x 3 -x 1 ) 
- •SA^^jdnj (27r)4 (27r)4 e 

/" 11 

x J d 3 pU(p) <p(p 2 )p(p 1 )e-(A; e -)|T([p(t 1 ,f 1 + -p)7 Q 7V(>i 1 ,f 1 --p)] J D M (a; 2 ) 

x [^0(0:3)7.(1 -7 5 )^ c (^3)]) |D(fcD)i/ c (fc Vc ) > 

x [^i e -*q-p tT L^ 1 — — 1 — 1 

•/ 7T « I M N -k 1 -k 3 M N - fcx M N -ki + k 2 ) 

-ig A G^^ [ d * Xl ( ^<f ** d ^ d y e ih • (x 2 - xQ.iJb, ■ (S3 - *i) 
y pp v^87r 2 i 7 (2tt) 4 (2tt) 4 

x | d 3 pf/(/>) <p(p 2 )p(pi)e-(M|T([p(ii,^ 

x [^ c (x 3 )7i/(l -7 5 )^ c (a*)]) |D(A; D )z/ c (A;, c ) > 
/ ^e-^tr{ 7 5 1 ^7 v 7 5 ^-7 fI 1 -V (D.13) 

•> ^ Mm - fci - fco Mm - fci Mm - fci 4- fco 



X 
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Between the initial \D(kv)v e (k Ve ) > and the final < p(p 2 )p(pi)e (K-)\ states the matrix 
elements are defined (see Eq. (C.23) and Eqs. (C.25) - (C.34)): 

< p(P2)p(pi)e~(A*-)|T([p(ti, xi + - p ) jal 5 p c (h, x x --p)\ D^(x 2 ) 

x $ e (x 3 )^(l - -? 5 )i) Ua (x 3 )})\D(k D )v c (KJ >= [u{p l ) la ^u c {p 2 )}[u{k Vc ) lv {l - 7 5 )w(A; e -)] 

e i(pi + p 2 ) ■ xi e -ik D ■ x 2 e -ike ■ x 3 

xe^y x 2x ^ pp (p)^== , 

y /2E 1 V2E 2 V2E c -V2E D V2E VB V 

1 1 

< p(P2)p(pi)e~ |T([p c (ti, fi + - p) 7 5 p(ti, fi - - p)] D^x 2 ) 

x $ e (x 3 ) lv (l - 7 5 )^ c (x 3 )])|D(A; D )z/ e (^ c ) >= [w( Pl ) 7 V(p 2 )M^)7,(l - 7 5 MM] 

e i(pi + p 2 ) ■ xi e -ik D • x 2 e -ik e ■ x 3 
x e M (fe) x 2x ^ pp (p)^== = . (D.14) 

y j2E 1 V2E 2 V2E e -V2E D V2E l/B V 

where kg = k e - — k Uc and V'pp(p) is the wave function of the relative movement of the 
protons normalized per unit density [8]. It is given by Eq. (|6.3| ). The wave function of 
the protons < p{p 2 )p{pi)\ is determined in terms of the operators of the annihilation in 
the standard form [31] 

<p(p 2 )p(pi)\ =< 0\a(p 2 ,a 2 )a(p 1 ,a 1 ), (D.15) 

where as usually for the identical particles the factor l/\/2 will be taken into account 
for the computation of the phase volume of the final state (ppe~) in the squared form 
(l/\^2) 2 = 1/2 [31]. The factor 2 is caused by the normalization of the wave function 
^pp(p) per unit density (see Eqs. (C.31) - (C.34) and Eqs. (G.6) - (G.9)). 

Inserting the matrix elements Eq. (D.14) to the r.h.s. of Eq. (D.13) we obtain the 
matrix element of the ^ e + D^e~ + p + p process in the following form 

(2vr) 4 5 (4) (p 2 +pi + k e - -k D - k Ve ) iM{y c + D^e~+p + p) = 

Gy gy f 

= fi-A^pp^— ^[M(pi)7 Q 7 5 u c (p 2 )][M(fc e -)7^(l - 7 5 M^J] ^(M / <^x x 



x/2 4tt 2 

di %2d 4 k 2 d 4 x 3 d 4 k 3 jfa +pi _k 2 _ fc 3 ) . Xl i(h 2 - k D ) ■ x 2 i(k 3 - k t ) ■ x 3 
(2tt) 4 (2tt) 4 

x / d 3 pf/(p)^ PP (p) / ^e-^-pJn 5 —- — f — r^TT-ir^irA — r 

J k 2 i { M N - ki - k 3 M N - ki M N -h + k 2 

Gy gy f 

+gAG W p P ^-^[u(p 1 )-f 5 u c (p 2 )}[u(k e -)-f, y (l - 7 5 M^J] e M (M / d^x x 



x/2 4?r 2 

d*x 2 d 4 k 2 d 4 x 3 d 4 k 3 j^ 2 + ^_ pi _ p2 ) . Xl jfa _ ^ . X2 - k e ) ■ x 3 
(2vr) 4 (2tt) 4 

x / ^ P U{p)^pp{p) ( ^e-^'PtrU 1 ^s—^r 1 A. 

rppVF; J 7rh { M N - h - k 3 M N - kt M N - ki + k 2 J 

(D.16) 
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Integrating over x±, X2, £3, fc 2 and we obtain in the r.h.s. of Eq. (D.16) the (^-function 
describing the 4-momentum conservation. Then, the matrix element of the u e + D — > e~ 
+ p + p process becomes equal 



iM(p + p -> D + e + + u e ) = g A G 



x [M(p 1 ) 7a7 V(p 2 )][M(A; c -)7,(l-7 5 )M(^ )]e, t (A;D) J d 3 pU{p)^ pp {p) 

x / ^e-^-^tr( 7 V 1 -^-^ri 5 ^—^r ^-^1+SaG. pp 

• ttH \ M N -k-k e M N -k Mn-k + kol 



Gv gv r _ 

X 



t/ - _ 2L M(pi) 7 V(p 2 )][M(A; c -)7 i ,(l-7 5 ) M (^ c )]e M (A; D ) J d 3 p U (p) % p {p) 
d 4 k _ if t. * f K 1 „ K 1 1 



x / -^re-^ ' /V 7 5 s .7" s ^ , (D.17) 

i 7T 2 « ( M N - Jfe - A;/ M N - k M N - jfe + k B J 

where q = k + (k e — k D )/2. 

It is convenient to represent the matrix element Eq. (D.17) in terms of the structure 
functions J^(k B , k t ) and J^(k D , k e ): 

iM(iy e + 'D -> e" +p + p) = 

= -^ A a P p^|^[«(pi)7 a 7 5 « c (P2)]^(A:e-)7,(l - 7>(^ e )] e M (A; D ) ^"(Afc, fc<) 

-0aG™^0[«(pi)^^ (D.18) 
where the structure functions Jp^^&D, and J p ^{kn, he) are defined as 

J^i^kt) = ~ I d 3 P U(p)^ pp (p) f ^e-^-P 
x tr{ 7 Q 7 5 \ ^ 7 " 7 5 I 



M N -k-k e M N - fc M N - fc + A; D J 
JpT(^) = - / rf 3 pf/(p)^ PP (p) / ^e-ti-P 

xtr{ 7 5 1 1 ^1. (D.19) 

I M N -k-ki M N -k M N -k + k B ) 

Thus, the problem of the computation of the matrix element of the process v c + D — > e~ 

+ p + p reduces to the problem of the computation of the structure functions Eq. (D.19). 
Integrating over directions of the relative radius-vector p we get 



,4, 

JgHkoM) = -47T / dpp 2 U{ P )4> pp {p) f — 



sin 


q\p 




g\p 
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sin 


q\p 




q\p 



x tr{ 7 a 7 5 \ ^ 7 " 7 5 1 — 

{ M N -k-kg Mn — k M N - k + k D . 

°° d A h 
J^(k D ,kg) = -47T / rfpp 2 f/( P )^ pp (p) / — 



xtr| 7 5 \ ^Yl 5 ^1- (D.20) 

1 M N - k-kt M N -k M N -k + k B ) 

Since the energy of the incident neutrino E Ve ranges the region E th < E Uc < lOMeV and 
the deuteron in the rest frame k^ = (&;£,, 0), we would calculate the structure functions 
setting kg = kr> = 0: 



J^(k D ,kg) = -47T / dpp 2 U(p)^ p (p) [ — 



d 4 k sin \k \p 
\k \p 



x tr j 7 a 7 5 1 —rYl 5 



M N -k M N -k M N -k + k D ) 

d A k sin \ k \p 



JgtknM) = -47T / rfpp 2 f/( P )V(p) / — 
J J 7T % 



xtr{ 7 5 ^-r^ 5 \ ^1. (D.21) 

{ M N -k M N -k M N -k + k D ) 

The computation of the momentum integrals defining the structure functions cannot be 
carried out by a Lorentz covariant manner [2,4]. The obvious Lorentz covariance has been 
lost due to the description of the pp interaction in terms of the potential. Therefore, for 
the computation of the momentum integrals it is convenient to follow only the compo- 
nents which give the main contribution in the low-energy limit. For the calculation of 
J autl {kD, kg) we should notice that in the low-energy limit only the time-component of 
the current [u{pi)^ a r y b u c {p 2 )] survives and obeys the relation 

HPlhal 5 U C (p 2 )} = 9ao[u(Plh°l 5uC (P2)} = 9a0 \u{pi)^ U C (p 2 )} , 

[u{pi)l*l 5 u c { P2 )\ - g a0 [u(Pih 5 u c (P2)l (D.22) 

where we have used the relation w(pi) 7 ° = w(pi), which is valid in the non-relativistic 
limit due to the dominance of the large components of the Dirac bispinors. As has been 
discussed in Appendix B the indices p and v should run over p (or v) = 1,2,3. Thus, the 
matrix element Eq. (D.18) reduces to the form 

iM{v c + D -> e" + p + p) = 

Go 

= -g A G 7Tpp -^^[u{p 1 h 5 u c {p 2 )}[u{k c -)-f u {l - -f 5 )u{k Uc )] e^{k D ) 

x [J^(kD, kg) + J^(ko, kg)}, (D.23) 
where the structure functions S P p^(k D , kg) and J pv v {kv>i kg) are given in Eq. (D.21). 
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The computation of the momentum integrals we perform following the prescription of 

the RFMD, that is, we assume that the deuteron is off-mass shell and Mn ^> \J~^h — 
Then, we expand the integrand of the structure functions Eq. (C.40) in powers of k B 
keeping only leading contributions. 

The computation of J^(kD,ke). First, we should integrate over the virtual momen- 
tum k: 



0„,5 



d 4 k sin \ k \p 

~W\p~ 

d 4 k sin \k\p tr{ 7 ° 7 5 (^N + k)Yl 5 {M N + k)^(M N + k- k B )} 



r crk 

J TT 2 i 



M n -k M N -k M N -k + k D 



n 2 i 



k\p [M 2 -k 2 -tO] 2 [M 2 -(k-k B ) 2 -tO] 
d 4 k sin \k\p tr{ 7 ° 7 5 (^N + fc)7"7 5 (M N + k)^(M N + k - k D )} 



7T 2 i 



\k \p 



x 1- 



[M 2 - k 2 - iO] 3 
2k -k D ) 



J 7T z t 



[M 2 - k 2 - iO] j 
d 4 k sin \k \p tr{A; D7 V(MN + k)Y(M N - k)} 



+ 



k\p [M 2 -k 2 -i0f 
d 4 k sin \k\p 2k ■ A; D tr{ 7 °(M N - k)Y(M N + k)^(M N + k)} 



J 7l Z t 



\k \p 



k 2 - ioy 



jOufi , jOu/j, 
J 1 -+- J 2 



(D.24) 



Since kn = 7 o/cd, the structure function J l ^ coincides with the structure function J l 
given by Eq. (C.49) and reads 

J^=Ak^g^ 



-M 2 
3 



N 



dk cos kp 



{M 2 + k 2 f 2 I {M 2 + k 2 fl 2 



dk cos kp 



(D.25) 



The computation of runs as follows 



X 



— 2/cp 



d 4 k sin \k \p 2k ■ k D tr{ 7 °(M N - k)Y{M K + k)^(M N + k)} 



J OK 

J TX A l 



\k \p 



[M 2 -k 2 - iO} 4 



d 4 k sin \k \p Mr{ 7 °(M N - fc)7"(M N + k)^(M N + k)} 



7T 2 i 



\k \p 



[El - k 2 - i0]< 



(D.26) 



Computing the trace over Dirac matrices 

tr{ 7 °(M N - k)Y(M N + k)^(M N + k)} = 

= tr{(M N7 ° - 7 °£;)(M2yV + 2 M N ^ 7 l/ + 7 4 7 4)} 
= tr{-M2 7 °A; 7 V - ^k^k^k} = 
= tr{-M^ 7 ° 7 V + A; 2 7 °7V^ - 2k u ^°k^k} = 
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= 4 (- Jfc Ml g» v + A; k 2 - 4A; A;^) = 

= -Ak (M 2 g^ u -k 2 + Ak^k v ). (D.27) 

we find that the result of the computation of the trace Eq. (D.27) amounts to Eq. (C.51). 
Thereby, the structure function should coincide with the structure function barJ^ 11 
too and reads: 



3^ = 1^ 



Mi 



dk cos kp 



+ 



(M 2 + k 2 f' 2 J {Ml + k 2 ) 1/ 



dk cos kp 



(D.28) 



Summing up the contributions given by Eq. (D.25) and Eq. (D.28) we obtain the structure 
function J^(k B ,k e ): 

J^(k D ,h) = 



--k° D g^4nj dpp 2 U(p)^ pp (p) 
o 



Ml 



dk cos kp 



(M 2 +k 2 'f 2 J (M'+k 2 ) 1 / 2 



dk cos kp 



fc£<r47r dpp 2 u( P )^ pp (p) 



M N pK 1 (M N p)-K (M N p) 



(D.29) 



For the continuation of the structure function Eq. (D.29) on-mass shell of the deuteron 
we should only set k^ = M D ~ 2 M N : 



•^pp M (^d, kg 



16 



M n ^4tt dp P U{p)iP VP {p) 



M N pK 1 (M N p)-K (M N p) 



(D.30) 

Now let us proceed to the computation of the structure function J^gihv, kg). 
The computation of ^T pp (kj), kg). It is to show that the structure function S pp {kn, kg) 
is proportional to the structure function ^T pp {ki), kg) given Eq. (C.40) and, therefore, reads 
(see Eq. (C.57)): 



J^(k D ,kg) = -8M N <T 4tt / dppU(p)^ pp (p)K (M^p). 



(D.31) 



The structure function S pp (kn, kg) does not depend on the 4-momentum of the deuteron 
and retains the form when it is continued on-mass shell of the deuteron. 

For the computation of the structure function defining the amplitude of the process 
z/ c + D^e _ +p + p given by Eq. (D.23) we use the wave function ip pp (p) in the form 
of Eq. ( p.7|) and set 



iff n (fc) sin<% p (fc) 



j^(k D ,kg) + j^(k D ,kg) = e l °pp^ - , p ;;,; 6m n /t; 



ppe-- 



(D.32) 



The factor J 7 * - amounts to 



ppe 



— a 



pp 



32 
27 



47r J dppU(p) 



M N pKi(Mxp) + - K (M N p) 



(D.33) 
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Inserting the Yukawa potential Eq. (|1.4|) and using the formulae Eq. (C.61) we calculate 



the factor Fp Ve - in the appropriate from 



■re 
PPe" 



PP 



44 
27 



Ml 



Ml-Ml 



arctg 



Ml-Ml 



Ml 



11 Ml - Ml 



Mi 



11 (Ml -M2)3/2 



arctg 



1.70. 



(D.34) 



The numerical value has been obtained for a p = — 7.828 fm, M^ = 940 MeV and M n 
135 MeV. 

The amplitude of the process v e + D — > e~ + p + p is then given by 
iM (> e + D -> e~ + p + p) = - 5 aG, pp M n ^^ ^ c 



2 PPC" 



\/2 27r 



(D.35) 



This completes the computation of the matrix element of the process of u e + D — > e~ + 
p + p. The computation of the matrix element of the process v c + D — > e + + n + n is 
very analogous to that elaborated above. 



Appendix E. Computation of the matrix element of 
the process v e + D — ► v e + n + p 

The process z/ e + D^i/ e + n + p runs through the intermediate Z-boson exchange: v e 
+ D — > z/ +Z + D — > z/ e + n + p. The matrix element of the transition u e + D — > z/ e + 
Z + D^z/ c + p + pis defined by the effective interactions 

^Ipd(^) = -«0v[p(a;)7'V : (x) - nWlVWl^fi), 
C:r* P (x) = G mp Jd 3 pU(p) 

x {[n(t,x + ip)7 M 7y(*,£- ^llplM^^Vnfi-^-^)] 

+ (7 M 7 5 ®7 M 7 5 ^7 5 ®7 5 )}, 

£nnz(^) = 9a [p(x)Yl 5 p(x) - n(x)Yl 5 n(x)] Z v (x). (E.l) 

For the description of the transition v e — > v c + Z we replace the operator of the Z-boson 
field by the operator of the neutrino weak current 

Zu(x) -> [^(x)7„(l - 7 5 )^ c (x)]. (E.2) 

The S matrix element S^^p responsible for the transition Z + D — > n + p can be 
obtained by analogy with the S matrix element S p p^ DW+ (see Eq. (C.8)) describing the 
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transition p + p — > D + W + and the S matrix element S^y +D (see Eq. (D.4)) describing 
the transition W + + D — > p + p and reads 

SgLnp = ~if d 4 x,d 4 x 2 d 4 x 3 T(^r np (^i)4p D (^)>CNNz(x3)). (E.3) 

For the derivation of the effective Lagrangian CzT>^np(x) containing only the fields of the 
initial and the final particles we should make all necessary contractions of the operators of 
the proton and the neutron fields. These contractions we denote by brackets and obtain 

< SgL„p >= -i J d 4 Xl d 4 x 2 d 4 x 3 < T(^r np (^i)4 pD (^)>C NN z(x3)) > . (E.4) 

The effective Lagrangian CzD^np(x) related to the S matrix element < S^D-mp > ^ s defined 
as 

< S2D_^ n p >= 1 J d A X CzD^np( x ) — 

= -if d 4 x l d 4 x 2 d 4 x 3 < T(£^ np (^i)4p D (^)>CNNz(x3)) > . (E.5) 
In terms of the operators of the interacting fields the effective Lagrangian CzD-mp(x) reads 

J d 4 x CzD^np(x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ np (x 1 )Cl pD (x 2 )C NN z(x 3 )) > 

= Cvrnp x (-igy) x g A J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([n(t u x x + X - p) 7 Q 7 y (*i, xx - \ p)\ D,(x 2 ) Z v (x 3 )) 

x < 0|T([p c (t 1 ,f 1 + ^p)-f a -f 5 n(t 1 ,x 1 -^p)][p{x 2 )Yn c {x 2 ) - n{x 2 )^p c (x 2 )} 

x lP(x 3 )Yl 5 p(x 3 ) - n(x 3 )'ffn(x 3 )])\0 > 
+G mip x (-igy) x g A J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([n(t u f i + - p ) 7 V (f i, x*i-\ p)\ D^(x 2 ) Z v (x 3 )) 
1 1 

x < 0|T([p c (t 1 ,f 1 + -p) 7 5 n(t 1 ,f 1 - -p)]\p(x 2 )^n c (x 2 ) - n(x 2 )^p c (x 2 )} 

x febV^s) - n(x 3 )7Vn(x 3 )])|0 > . (E.6) 

Since we assume that for the 1 S -state of the np system the transition Z + D — > n + p 
is mainly the Gamow-Teller one, we have taken into account the Z-boson coupled with 
the axial nucleon current. 

The r.h.s. of Eq. (E.6) can be reduced to the more convenient form if to apply the 
relations p(x 2 ) r y^n c (x 2 ) = —n(x 2 )^ fJ 'p c (x 2 ) and p(x)^ a ^ b p(x) = p c (x)^ a ^ b p c (x): 

J d 4 x CzD^np(x) = - J d 4 xid 4 x 2 d 4 x 3 < T(Cl^ np (x 1 )Cl pD (x 2 )C NN z(x 3 )) > 
= 2G nnp x igy x g A / d 4 x 1 d 4 x 2 d 4 x 3 / d 3 pU(p) 
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x T([n(h, x i + \ p) 7 Q 7V (*i, xi - \ p)\ D»(x 2 ) Z u (x 3 )) 

+2G wnp x (—igv) x g A J d A xid A x 2 d A x 3 J d 3 pU(p) 
x T( [nfa,:?! + ip)7a7V(*i,^i - ^P)]^2) ^(a*)) 
x < OlTd^^.f! + lp)l a l 5 n(h,xi ~ \p)\ [n^3)Yl 5 n(x 3 )}[n(x 2 )Yp c (x 2 )])\0 > 

+2G wnp x igy x gA J d 4 x\d A x 2 d A x 3 J d 3 pU(p) 

I i 

x T([n(*i, f i + -p) 7 V (h, x x -- p)} D^x 2 ) Z v (x 3 )) 

x < 0|T([p c (t 1 ,f 1 + ^)^ n (t 1 ,x 1 -^mn(x2)rp c (x 2 )]mx 3 )Yl 5 p c (x 3 )])\0 > 
+2G wnp x (-igv) x 9aJ d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
x T([n(h, xx + X - p ) 7 y (ti, £ ! - X - p)\ D^x 2 ) Z v (x 3 )) 

x < 0|T([p c (t 1 ,f 1 + 1^)7^^,^ - ip)] [n(x 3 )7 !y 7 5 ^(x3)][n(a: 2 )7> c (x2)])|0 > . (E.7) 

The vacuum expectation values of the nucleon current can be reduced to the equivalent 
form by applying the charge conjugation and the change p — > — p: 

J d A x CzD^np(x) = - J d A x 1 d A x 2 d A x 3 < T(C^ np (x 1 )Cl pD (x 2 )C NNZ (x 3 )) > 

= 2 x igv x 9a J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
x T([n(t 1: x x + X - p) 7 Q 7 y ^1 - ^ P )] ^(x 2 ) Z^xs)) 
x < OIT^*!,^ + ^p) 7Q7 5 n(t 1 ,f 1 - ^p)][n(x2)^p c (x 2 )][p c (x 3 )^-f 5 p c (x 3 )])\0 > 
+2G 7TIip x x gp^ j d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
x T([p(*i,£i + ^) 7 a7V(ti,fi - ip)]^(x 2 ) Z„(x 3 )) 
x < 0|T([n c (t 1 ,f 1 + ^p) 1 a 1 5 p(t 1 ,x 1 ~\p)\ {p{x 2 )Yn%x 2 )][nc(x 3 )Yl 5 n c {x 3 )})\0 > 



+2G wnp x igv x 9a J d A x x d A x 2 d A x 3 J d 3 pU(p) 
x T([n(t 1 ,f 1 + Jp) 7 ¥(*i,£i -\p)]D,(x 2 ) Z v (x 3 )) 
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x < 0|T([p c (t 1 ,f 1 + ±p)^ n (t 1 ,x 1 -\mn(x 2 )rp c (x 2 )W(x 3 )Yl 5 p c (x 3 )])\0 > 
+2G wnp x igy x g A J d A X\d A x 2 d A x 3 J d 3 pU(p) 
x T(\p(t u x ! + X - p ) 7 5 n c (t!, £ x - i p )] L> M (x 2 ) Z v {x 3 )) 

x < 0|T([^(t 1 ,f 1 + ip) 7 5 p(ti^i-^p)] [^2)7^(^2)] [n c (x 3 ) 7 Vn c (a:3)])|0 > . (E.8) 

Since up to the interchange p < — > n the vacuum expectation values of the nucleon currents 
are equivalent, we can rewrite Eq. (E.8) as follows 

J d A x £ ZD _> np (x) = - J d A x 1 d A x 2 d A x 3 < T(£^ np (xi)£ I t ipD (a;2)£NNz(^3)) > 

= 2G wnp x ig y x g A J d A x x d A x 2 d A x 3 J d 3 pU(p) 

1 11 1 

x T([n(t u x 1 + - p) 7 Q 7 V (* 1, xi ~2p)+ P(*i> f 1 + 2 ^) 7a7 5 n c (ti, f 1 - - p)] 

x D^(x 2 ) Z u (x 3 )) 
I 1 

x < 0|T([p c (t 1 ,f 1 + -p)7a7 5 n(ti,5i - -p)][n(a; 2 )7> c (a;2)][p c (a;3)7"7y(^3)])|0 > 

+2G wnp x ^ v x g A J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 

1111 

x T([n(ti, £ 1 + - p ) 7 5 P c (ii, X! - - p) + p(ti, f 1 + - p) 7 V(ti, f ! - - p)] 

x D^(x 2 )Z v (x 3 )) 

x < 0|T([p c (t 1 ,f 1 + ip) 7 Vt 1 ,f 1 -ip)][n(x 2 ) 7 > c (x 2 )][p^ > . (E.9) 

Making all contractions we obtain 

J d A x £ Z D->np(x) = - J d A x 1 d A x 2 d A x 3 < T(C^ wp (x 1 )Cl pD (x 2 )C NNZ (x 3 )) > 
= 2G nnp x ig y x (?a y d A x 1 d A x 2 d A x 3 J d 3 pU(p) 

x T([n(ti, £ 1 + i p ) 7°7V Oi, &i - ^ P ) + p(* 1, + \ p) 7a7 5 « c (^i, £ 1 - ^ p)] 

x D^(x 2 ) Z u (x 3 )) 

x - tr{^(t 3 - h, x 3 - x, - ± pha-fSpfa - t 2 , x x -x 2 -\ p)YS c F (x2 - x 3 )Yl 5 } 
% 2 2 

+2G wnp x ig Y x g A J d A x 1 d A x 2 d A x 3 J d 3 pU(p) 

x T([n(h, f 1 + ^ p ) 7 5 p c (ti, £ 1 ~\p)+ P(h, xi + ^p) ^n c {t u x 1 - ^ p )] 

x D^x 2 )Z u (x 3 )) 
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x - tr{S c F (t 3 - h, x 3 - x, - \ ph'Spih - t 2 , x 1 - x 2 - \ p)^S c F {x 2 - x 3 )Yl 5 }- (E.10) 

In the momentum representation of the nucleon Green functions we define the effective 
Lagrangian £zD^ np (^) as follows 

J d A X £zD->np(z) = 
1 11 1 

x T([n(t 1 ,f 1 + -p)7 a7 V(t 1 ,f 1 - -p) + -p)7 a 7 5 n c (ti,fi - -p)] 

x D M (x2)^(x 3 )) 



1 M N -l 

74^ j4k j4^. j4i 



x/^ • /> tr<| 7 a 7 5 TT 7 ~7" ~ - ? 7V- 



^ t M N - fci - £; 2 M N - fci M N - fcx + k 3 J 



8tt 2 7 V (2vr) 4 (2 

x T([n(ti,fi + ^ P)7a7V(ii,^i ~ ^ P) + 7; P )7a7 5 ™ c (ti, fi - g p)1 

x D M (a; 2 ) Z v (x 3 )) 

I ^e-^-PtrL 5 1 ^^—^Yl 5 i -j, (E.11) 

tt 2 « [ M N -k 1 -k 2 M N -ki M N -ki + k 3 ) 



x 



where <f = fci + (k 3 — k 2 )/2. 

In order to obtain the effective Lagrangian describing the matrix element of the process 
u e + D — > z/ c + n + p we replace the operator of the Z-boson field by the operator of the 
neutrino weak current Eq. (E.2): 

J d X C Uc Y)^,v a i\p{x) 

x T([n(t 1 ,x 1 + ^p)-f a -f 5 p c (t 1 ,x 1 - ^p) + ^p)7 a 7 5 n c (ti,fi - -p)] 

^(xa) [^e(^3)7,(l-7 5 )^e(^)]) 
d A k\ _ ? v . o , f „ r 1 ,, 1 



x 



/ ^ e"^ • ^tr 7 a 7 5 -7 M ^tV" 

•> 7T i Mm -kn -kn Mm - fci 



M N - fci - fc 2 M N - fci M N - fci + fc 3 . 

J4^ j4jl j4^ j4; 



+ ^A^n P g| ^ / d^ J d d ^ • (*2 ~ Xl ) e ik 3 ■ (X 3 - Xl ) J d S pU{p) 



1 11 1 

x T([n(t 1 ,f 1 + ^ P)7a7V(*i,^i - ^ P) +p(*i>^i + g P )7«7 5 « c (ti, fi - - p)] 



^(x 2 ) [Vv e (x 3 ) 7 ,(l -7 5 hU*3)D 
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x / ^i e -^-Ptr{ 7 5 1 ^7" — — 7* / 7 5 1 -1, (E.12) 

{ M N - A* - jfe 2 M N -ki M N - hi + k 3 J 

The matrix element of the process u e + D — > z/ c + n + p we define by a usual way as 

y d 4 x < p(p 2 )n(p 1 )u e (klJ\C UeB ^ Uenp (x)\D(k B )u e (k Ue ) >= 

fo x 4 r(4)/ , , 7 \ A^(Z/ C + D^ Z/ c + n + p) 

= (27t) d l ; (p 2 +Pi + - «d - Ki/e) / (E.13) 

^2E X V2E 2 V 2E' V V 2E D V 2E Ua V 

where E { (i = 1, 2, D, z/ e ) and £^ are the energies of the neutron, the proton, the deuteron, 
the initial and the final neutrino, V is the normalization volume. 

Now we should take the r.h.s. of Eq. (D.12) between the wave functions of the initial 
|D(^o) I/ e(^ e ) > an d the final < p(p2)n(pi)i' e (k' e )\ states. This gives 

(27r) <5 l J (p 2 + Pi + fc„ e - fco - fci/e) / = 

2£ 2 v 2^ e y 2E D v 2E v y 

- iaA G 9lJX_ />_ f d 4 x 2 d 4 k 2 d 4 x 3 d 4 k 3 ik? . ( X9 _ Xl ) ifc3 . _ gl ) 
- l9AG ™ p ^2l6niJ dXl J (2k)* (2tt)4 6 

x Jd 3 pU(p) <p(p 2 )n(p 1 )z/ c (^J|T([n(t 1 ,f 1 + ip> a7 y(t 1 ,f 1 -ip) 

+p(ti, fi + i p )7 Q 7 5 n c (ti, f i - - p )] 
£>^ 2 ) [^ e (x 3 )7,(l - 7 5 )^ c (^ 3 )])|D(A; D )z/ c (A; 1 ,J > 
x /^i e -^-P t r| 7 V I ^ ^7 i/ 7 5 ' 1 



vr 2 ? [ ' ' M N - jfei - k 2 ' M N - ki ' ' M N - k x + & 3 

+19aG ^ p V216^J dXl J (2tt) 4 (2tt) 4 6 

x Jd 3 pU(p) <p(p 2 )n(p 1 )z/ c (^J|T([n(t 1 ,f 1 + ip>V(t 1 ,f 1 -ip) 

+p(ti, fi + - p )7 5 n c (t!, fi - - p)] 



^(x 2 ) [^ e (z 3 )7,(l - 7 5 )^ c (^ 3 )])|D(A; D )z/ c (A; 1 ,J > 

x f^le-iQ-PtrL 5 1 ^ * -V (E.14) 

J { M N — ki — k 2 M N - fci M N - fci + fc 3 J 

Between the initial |D(/cD)fe(^ c ) > and the final < p{p2)n(pi)v e (k' v ^)\ states the matrix 
elements in Eq. (E.13) are defined (see Eq. (C.23) and Eqs. (C.25) - (C.34)): 

< p(p 2 )n(p 1 )v e (k' Ve )\T([fi(t 1 ,x 1 + ^ p)7a7V(*i, #1 - -p) 
+p(h, fi + i p )7 Q 7 5 n c (ti, Xi-^p)} 
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D»{x 2 ) [^ c (x 3 )7,(l -7 5 )^ c (^3)])|D(A;d)^(^J >= 
= [«(pi)7a7V(p2)][«(^)7,(l -l 5 HK c )} 

e i(pi + P2) ■ xi e -ikn • x 2 e -ik e ■ x 3 

x eJko) x 2 x ip np (p) 



2E X V2E 2 V 2 E' Uc V 2 E D V 2 E Uc V 
< p{p 2 )n{p 1 )p e {k' Ve )\T{[fi{t 1 ,x l + ^ph 5 p c (t 1 ,x 1 - ip) 

fi + - p )i 5 n c {t u x 1 - ~ p)] 
^(a? 2 ) [^ c (x 3 ) 7 ,(l - 7 5 )^ c (x 3 )])|D(A; D )z/ c (A;, o ) >= 

= [uCpibVfo)] [6(^7,(1 " 7>(*0] 

e i(pi + P2) ■ X! e ~ikn • x 2 e ~ik e ■ x 3 
x e^{k B ) x 2 x ^ n p(p) (E.15) 

V 2£ 2 V 2££ o V 2E D V 2E Uc V 

where k^ = k' Uc — k Uc and ip ap (p) is the wave function of the relative movement of the 
neutron and the proton normalized per unit density [8]. It is given by Eq. ( p.3|) . For 
the computation of the matrix elements Eq. (D.15) we have used the wave function of 
the neutron and the proton < p(p 2 )^(pi)| determined in terms of the operators of the 
annihilation in the standard form [31] 

< p(P2)n(pi)\ =< 0|a p (p2,cr 2 )a n (pi,(Ti), (E.16) 

where a p (p 2 , a 2 ) and a n (p x , are the operators of the annihilation of the proton and the 
neutron. 

Inserting the matrix elements Eq. (E.15) to the r.h.s. of Eq. (E.14) we obtain the 
matrix element of the ^e + D^^c + ri + p process in the following form 

(2tc) a 5^( P2 + Pl + k' Vc - k D - KJ iM{v c + D -> u e + n + p) = 

= -^A^ np -^^[u(p 1 )7 a 7 5 u c (p 2 )][u(^ c )7 I/ (l -7 5 )u(^J]e M (/c D ) J d^x x 

d*x 2 d 4 k 2 d^x 3 d A k 3 ^ +pi _k 2 _ k 3 ) . Xl p i{k 2 - k D ) ■ x 2 p i{k 3 - k t ) ■ x 3 
(2vr) 4 (2 



7T 



1 4 



x / d 3 P U(p) ^ np (p) / d ^ e -n- Ptr{ 7 V— 4 r7 M T^-7^7 5 ' 



ttH [ M N - k x - k 2 M N - ki M N - k x + k 3 

Gp Oy f 

-^A^n P ^ 8 J 2 [-»(Pi)7 5 ^ c (P2)][^(^ c )7^(l ~ l 5 )u(KJ] e M (fc D ) y d 4 xi 

d*x 2 d 4 k 2 d 4 x 3 d*k 3 + k 3 - Pl - p 2 ) ■ x x Mk 2 - k D ) ■ x 2 J(k 3 - k t ) ■ x 3 
(2tt) 4 (2tt) 4 

x / d*pU{p)4, Iip {p) [ ^e-*' ^tr{ 7 5 -— 4 ^f—*1>f 1 1 



?r 2 2 { M N - ki - k 2 ' Mn — hi ' ' M N - ki + k 3 , 



(E.17) 
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Integrating over xi, X2, x%, fc 2 and k^ we obtain in the r.h.s. of Eq. (E.17) the (^-function 
describing the 4-momentum conservation. Then, the matrix element of the u e + D — > u c 
+ n + p process becomes equal 

iM(v e + D -> v e + n + p) = - gAGnnp— — 



x [M(pi)7a7V(p 2 )][M(^ c ) 7i ,(l-7 5 )M(A;, c )]e M (A; D ) | d 3 p C/(p) ^ np (p) 

x^0Kpi)7V(p 2 )][zZ(^ e ) 7 ,(l-7 5 )^J] e/1 (M / d 3 pf/(p)^ np (p) 

I -tf • p t \, \^^ ff _L^ f f 7 * ^-A (E.18) 

•/ tt 2 « ( M N - A; - k D M N - k M N - k + k J 



x 



where q = k + (k e — k D )/2. 

Then we represent as usually the matrix element Eq. (E.18) in terms of the structure 
functions J^ u (k D , k t ) and J^(k B , k e ): 

iM (v e + D -> v c + n + p) = 
= ^G 7rnp ^|^[iZ(p 1 )7 Q 7V(p 2 )][iZ(^ e )7,(l - tV**)] e M (A; D ) J^d, fc) 

+»AG^^0[«(pi)7 5 ti c (p 2 )][ti«)7,(l - 7 5 MU] e„(fcD) ^(fcD, *<), (E.19) 
where the structure functions J^ v ik\i-, ke) and J^{kn, ke) are defined as 

jzr^kt) = - 1 d 3 P u(p)^ p (p) f ^e-^-p 

J J IX % 



x tr< 7 Q 7 5 s ^7^ — r7V 

1 M N -k-k B M N -k M N -k + k e )' 

JgfaM) = ~J d s P U(p)^ np (p) J ^e-ti-P 

xtr{ 7 5 1 ^ ^-r7V 1 ^1, (E.20) 

1 M N — k — kn M N — fc M N - Jfe + A; e j 

Since the energy of the incident neutrino E Ue ranges the region E t h < < 10 MeV and 
the deuteron in the rest frame = (£^,0), we would calculate the structure functions 
setting = kr> = 0: 

4; 



1 .. 1 1 



J^(k D ,k e ) = -47T / rf PP 2 f/(p)^np(p) / — 





sin 


A: 


P 




fc 


IP 
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x tr< 7°7 5 



1 



M^-k-k 



1 



1 



D 



j£(k D ,h) = -47T J dpp 2 U(p)^ np ( P ) J — 



-r 

M N -k M N - k J 

<i 4 /c sin |/c |p 



x tr< 7" 



.7-75 



.7. 



(E.2i; 



M N - k - k D Mn — k Mn — & , 

The computation of the momentum integrals in the structure functions Eq. (D21) is anal- 
ogous to the momentum integrals of the structure functions J ai *" v {k-£>i kg) and J^iks, kg) 
(see Appendix C). Then, due to the low-energy reduction 

[u(jpi)i*i b u c {j>2)} = 9 a o[u(pih i 5 u c (P2)} = g a olu(pih 5 u c (p 2 )], 

HPih a l 5 u c ( P2 )} - g a0 [u(p 1 ) 1 5 u c (p 2 )}, (E.22) 

where we have used the relation u{pi)^f° = u{pi), the matrix element Eq. (E.19) can be 
written in the form 

iM(y c + D -> u c + n + p) = 
Gf gv r _. 



9aG 



7rnp 



y/22 



7T 



M(Pl)7 « C b2)][«(fce-)7,(l - l XK e )\ e M (fc D ) 



(E.23) 



x[^r(Ato,^) + ^(Ato,A:<)]. 

For the computation of the structure function defining the amplitude of the process v e + 
D — > z/ e + n + p given by Eq. (E.23) we use the wave function ip np (p) given by Eq. ( |9.3| ) 
and set 



J^ u (k D ,h) +J^(k D ,k i ) = e'M*) sm 6 Mn g r> Vnp(0)- 

The factor .F n pj, o amounts to (see Eq. (D.34)): 



dnpk 



(E.24) 



np^ c 



"np 



44 
27 



^ - Ml 



arctg 



- Ml 8 M? 



11 Ml - Ml 



Mi 



arctg 



Ml- Ml 



11 (M|-M2)3/2""-- M w 
The amplitude of the process u e + D — > v e + n + p is then given by 

G 

iM(u e + D -> z/ e + n + p) = g A G wnp M N —r— x JF npi , e w np (0) 



(E.25) 



V2 4ti 2 



x [u^yTO^l - 7X**)] e,(k D ) e l 



5 np (k) ^ S n P ( k ) 



a np k 



(E.26) 



This completes the computation of the matrix element of the process of the u e + D — > z/ c 
+ n + p. 
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Appendix F. Computation of the matrix element of 
the neutron-proton radiative capture 

In this Appendix we give a detailed computation of the matrix element of the neutron- 
proton radiative capture n + p — > D + 7 for thermal neutrons caused by pure Ml tran- 
sition. In the RFMD the matrix element of the neutron-proton radiative capture is 
determined by the interactions 

£n P D<X) - igv \p c {x)^n(x) - n c {x)^p{x)} D^x), 

CT"*(x) = G imp Jd 3 pU(p) 

1 1 _ 1 1 

x {[n(t,x + -p)'y li 'y 5 p c (t,x- -p)}[p c (t,x + -ph^ 5 n(t,x - -p)\ 

Avrfa) = -ep(x)Yp(x) A v (x) + ie-^-p(x)a^p(x) F^x), 

C mn (x) = ie-^-p(x)<j^p(x) F^(x), (F.l) 

where F^x) = d^A u (x) — d u A tJi (x) and A^(x) are the electromagnetic field strength 
and the electromagnetic potential, respectively, and a^ u = \ [7^,7^]. Then, k p = 1.793 
and k u = —1.913 are the anomalous magnetic dipole moments of the proton and the 
neutron measured in nuclear magnetons //n = c/2Mn, where e is the proton electric 
charge. The total magnetic dipole moments of the proton and the neutron amount to 
p p = 1 + k p = 2.793 and p n = K n = —1.913, respectively. 

The S matrix element Sj^_>D 7 responsible for the transition n + p — > D + 7 can be 
obtained by analogy with the S matrix element S p p^ DW+ (see Eq. (C.8)) and reads 

S ip-+D 7 = -i J d 4 xid A x 2 d 4 x 3 T(C^ np (x 1 )C npD (x 2 )C PP1 (x 3 )) 

-i J d 4 x 1 d 4 x 2 d 4 x 3 T(C 1 ^ np (x 1 )C npD (x 2 )C mn (x 3 )). (F.2) 

Then, for the derivation of the effective Lagrangian C np ^^(x) containing only the fields 
of the initial and the final particles we have to make all necessary contractions of the 
operators of the neutron and the proton fields. Symbolically the result of the contractions 
we denote by brackets and get 

< S np- > D 7 >= ~i J d 4 x 1 d 4 x 2 d 4 x 3 < T(C I ^ np (x 1 )C IipD (x 2 )Cp PJ (x 3 )) > 

-1 J d 4 x x d 4 x 2 d 4 x 3 < T(C:y np ( Xl )C npD (x 2 )C mn (x 3 )) > . (F.3) 

The effective Lagrangian £ np _ >D7 (a;) related to the S matrix element < S^^j) > is defined 
as ^ ^ 

< S n p^D 7 >= i d X C np ^D^(x) = 
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> 



= -if d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ np (x 1 )C npD (x 2 )C ppy (x 3 )) 

-i J d 4 x 1 d 4 x 2 d 4 x 3 < T(C 1 ^ np (x 1 )C npD (x 2 )C mn (x 3 )) > . (FA) 
In terms of the operators of the interacting fields the effective Lagrangian jC np ^-£,^(x) reads 

J d 4 x £ np _ >D7 (rr) = - J d A x 1 d 4 x 2 d A x 3 < T(C^ np (x 1 )C npD (x 2 )C pm (x 3 )) > 

-J d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ np (x 1 )C npD (x 2 )C mn (x 3 )) > 

= G^p x (-ig y ) x (-e) f d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([^(t 1} x, + ^p) 7a 7 5 n(ti, f i - \ p)\ Dl(x 2 ) A u (x 3 )) 

x < 0|T([n(*i,fi + ^p)7 Q 7V(*i,^i - ^P)][P c (^)7 M n(a; 2 ) -n c (i 2 )7 M p(i 2 )] 

[p(^3)7 t/ p(^3)])|0> 
+G 7rnp x (-igy) x (— e) ^ <i 4 :ri<i 4 £ 2 <i 4 X3 ^ d 3 pU(p) 



x T([^(t 1; £ x + X - p) 7 5 n(t 1; £ x - X - p)\ Dl(x 2 ) A v (x 3 )) 



x < 0|T([fi(ti,£i + ip)7V(ti,fi - ^p)}[p c {x 2 )Yn{x 2 ) - n c (x 2 )^p(x 2 )] 

x [p(x 3 )7>(^3)])|0 > 
+G nnp x (-igy) x ie-^- / d 4 x\d 4 x 2 d 4 x 3 d 3 pU(p) 

x T([^ c (ti, fi + X - p) 7a7 5 n(ti, fi - ^ p)] £>J(x 2 ) F^(x 3 )) 

x < 0|T([n(*i,£i + \p)l a l 5 p\t l ,x l -\p)W{x 2 )Yn{x 2 )-n^x 2 )Yp{x 2 )} 

x[p(x 3 )a^p(x 3 )})\0> 
+G mp x (-igy) x ^e^- J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T^fa, f ! + i p ) 7 5 n(ti, f i - ^ p)] £>J ( X2 ) F^(x 3 )) 

x < 0|T([n(t 1 ,f 1 + ip) 7 V(t 1 ,f 1 - ip)][p c (a: 2 )7^n(a; 2 ) -n c (x 2 )7>(a; 2 )] 

x [p(x 3 )^p(x 3 )])|0 > 
+C 7rnp x (—igy) x i e " / d 4 X\d 4 x 2 d 4 x 3 / d 3 pU(p) 



4M, 



N 



x T([p c (t l5 f ! + \ p) 7 a7 5 n(ti, fi - ^ p )] £>J(x 2 ) F v/3 (x 3 )) 
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x < 0|T([n(fi,£i + ^p) 1 a 1 b p c {t 1 ,x 1 ~ ^ p)][p c {x 2 )Yn{x 2 ) - n c {x 2 )Yp{x 2 )} 

x [n(x 3 )a^n(x 3 )})\0 > 
+G 7rIip x (-igy) x ie ^jj^ J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU{p) 

Timt^x, + \p) 7 5 n(ti,fi - l -p)]Dl{x 2 )F u(5 {xz)) 



x 



> 



x < 0|T([n(ti,fi + -p)-f 5 p c (t 1 ,x 1 --p)]b c (x 2 )7"n(x 2 )-n c (i 2 )7"p(i 2 )] 

x [n(ar 3 )<7 ,//J ra(a;3)])|0 > . (F.5) 

Before we have made the necessary contractions we suggest to rewrite the r.h.s. of 
Eq. (F.5) in the more convenient form 

J d 4 x £ np ^D 7 (x) = - J d 4 x 1 d 4 x 2 d 4 x 3 < T(C^ np (x 1 )C npD (x 2 )C ppl (x 3 )) > 

-J d 4 x 1 d 4 x 2 d 4 x 3 < T(£^ np (xi)£ n p D (a;2)£ nn7 (a;3)) 

= G^np x 2ig v x (— e) / d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 

I x 

x Tfl^ti, fi + - p) 7a7 5 w(*i, ^1 - g P)\ D IM A »M) 

x < 0|T([p(*i,fi - ip) 7 a 7 5 n c (ti,fi + ^P)][n c (x 2 ) 7 ^(x 2 )][p(x 3 )7 l/ P(^3)])|0 > 
+G 7rnp x 2^ v x (~e) J d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 
x Tfl^ix, f i + i p ) 7 5 n(*i, - ^ P )] £>t (x 2 ) 4,(z 3 )) 
x < 0|T([p(t 1 ,f 1 --p) 1 5 n c (t 1 ,x 1 + ^p)][n c (x 2 ) 7 >(a; 2 )] [^3)7^3)]) |0 > 
+G , 7rnp x 2igy x ie-^- / d 4 x x d 4 x 2 d 4 x 3 I d 3 pU(p) 

x Tdp^x, + ±p)w 5 n(t 1 ,Z 1 -\p)]Dl(x 2 )F vP (x 3 )) 
x < 0|T([p(t 1 ,f 1 - ip) 7 " 7 V(ii,fi + ^mn c (x2)Yp(x 2 )][p(x 3 )a^p(x 3 )])\0 > 
+G 7rnp x 2ig v x i e 777 / rf 4 27<i 4 a; 2 <i 4 X3 / d 3 pU(p) 
x T([p c (t 1? £ ! + i p) 7 5 n(t 1 , £ ! - i p )] Dl(x 2 ) F uP {x 3 )) 
x < 0|T([p(t 1 ,f 1 -lp)^ n °( tl ,2i + 7 ^p')][n c (x 2 )7^2)][p(x3)^p(x 3 )])|0 > 
x (-2i$v) x ie^- ^ d 4 x 1 d 4 x 2 d 4 x 3 J d 3 pU(p) 
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x Tfl^tx,:?! - ^p)^ 5 n(t 1 ,x 1 + l - p)\ D\ (x 2 ) F„p(x 3 )) 

x < OlTdnih,^ - ^p)7 Q 7V(ii,^i + \ p)][P c (^h' l n(x 2 )][n(x 3 )a ,/l3 n(x 3 )])\0 > 

+G mip x (— 2igy) x j e ^ J d A x\d A x 2 d A x 3 J d 3 pU(p) 

x T{^{t 1 ,x 1 -Ifi-ySnfax! + ^p)]Dl(x 2 )F^(x 3 )) 

x < 0|T([n(t 1 ,f 1 - ip) 7 V(t 1 ,f 1 + ip)][p c (a; 2 )7 M n(a; 2 )][n(x3)^n(a;3)])|0 > . (F.6) 
Making all contractions we obtain 

J d A x £ np _> D7 (x) = G nnp x 2ig v x (— e) ^ d A x\d A x 2 d A x 3 j d 3 pU{p) 

x Tfl^ii, xi + i p) 7a7 5 n(ti, fi - ^ p)] £>J,(x 2 ) A,(x 3 )) 

x i tr{S>(t 3 - h, x 3 - x i + - p )7a7 5 5 , F( t i ~ *2, ^i - ^2 + ^ p)l^S F {x 2 - x 3 )Y} 

+G 7rnp x 2^ v x (— e) y d A x 1 d A x 2 d A x 3 J d 3 pU(p) 
x T([p c (t 1? f ! + i p ) 7 5 n(fi, x i - i p )] L>J(x 2 ) A,(x 3 )) 
x - tr{S F (t 3 - *!, f 3 - fi + i p )7 5 5^(ti - * 2 , &i - x 2 + ^ p)^S F {x 2 - x 3 )Y} 
+G nnp x 2ig Y x «e^g- ^ ci 4 xid 4 x 2 d 4 x 3 J d 3 pU(p) 

x Tfl^tx,^ + Ip) 7a7 5 n(t 1 ,x 1 -\p)\Dl(x 2 )F vP (x z )) 

11 1 

x - tr{S F (t 3 - U, x 3 -x 1 + - p ha^Spih - t 2 , X!-x 2 + - p)'fS F {x 2 - x 3 )a vP } 
% I I 

+G 7Tnp x 2igy x i e p / <i 4 Xi<i 4 x 2 <i 4 x 3 / d 3 pU(p) 
4jV/n J J 

x Tfl^fa, x 1 + \ p) rMh, a?i - I p)\ Dl(x 2 ) F vp {x 3 )) 
x - ti{S F (t 3 - h, x 3 - x ! + \ ph 5 S c F (h - t 2 , x ! - x 2 + \ p)YS F {x 2 - x 3 )a^} 
+G wnp x (—2igy) x ie-^— d A Xid A x 2 d A x 3 d 3 pU(p) 

x Tfl^tx, fi - X - p) 7a7 5 n(ti, xx + - p )] (x 2 ) i^(x 3 )) 
x 1 tr{S F (* 3 - ix, x 3 - fx + \ phal^Uh - t 2 , xx - x 2 + i p)-fS F {x 2 - x 3 )a^} 
+G 7TIip x (-2ig v ) x ie^- J d A x x d A x 2 d A x 3 J d 3 pU(p) 
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x Tdp^tux, -1^)7^,^ + ±p)]Dl(x 2 )F vfi (x 3 )) 

x - tr{S F (t 3 - h, x 3 -x 1 + l ph 5 S c F (h ~ h, x i - x 2 + I p)^S F {x 2 - x 3 )a^}. (F.7) 

Since the neutron and the proton are in the 1 S -state we can sum up the contributions 
and get 

J d 4 x £ np ^Dry(x) — Cttdp x 2igy x (— e) J d 4 x\d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([p c (t 1? X! + ^p) 7a7 5 n(ti, xx- 1 - p )\ D\{x 2 ) A u (x 3 )) 
x^tTiSpfo-t^xa-xi + \p)l a rfS c F {t l -t 2 ,Xi -x 2 + ]- p)YS F {x 2 -2:3)7^} 
+G nnp x 2ig Y x (-e) J d 4 x\d 4 x 2 d 4 x 3 J d 3 pU(p) 

x T([p c (t 1; x x + l - p) 7 5 n(t l5 x ± - l - p)\ Dl(x 2 ) A„(x 3 )) 

11 1 

x - tr{S F (t 3 - h, x 3 -X! + -p)l b S c F {ti - t 2 , Xi-x 2 + - p)^S F {x 2 - x 3 )Y} 

1^ Hi f f 

+G 7rIip x 2ig y x ie P ., /r n / d 4 x 1 d 4 x 2 d 4 x 3 / d 3 pU(p) 
x Tfl^tx,*! + ^p) la ^n{t u x l -^)}Dl(x 2 )F^(x 3 )) 
x - tr{S F (t 3 - h, x 3 - fi + i p )7a7 5 S£(ti - *2, £1 - £2 + J P )7 M 5 F (x 2 - x 3 )a v(3 } 
+C 7I - Iip x 2igy x ie - n / d 4 X\d 4 x 2 d 4 x 3 \ d 3 pU(p) 
x T([p c (t!, £ ! + 1 p) 7 5 n(t l5 x ! - - p)] £)J ( X2 ) F^(x 3 )) 

x 1 tr{5 F (t 3 - ti, 5 3 - £1 + \ p h 5 S c F (ti - h, x x - f 2 + X - p)rS F (x 2 - x 3 )a^}. (F.8) 

In the momentum representation of the nucleon Green functions we define the effective 
Lagrangian £ np _ >D7 (a;) as follows: 

J d 4 x C np ^Y)y(x) = 
f ,4 f d 4 x 2 d 4 k 2 d 4 x 3 d 4 k 3 ik2 . _ Xl ) ik 3 ■ (x 3 - Xl ) 



= —teLr. 



x J rfV^(p)T([p c (ti,fi + ip)7a7^i,^i-^p)]^U^)^(^3)) 

x f^le-iQ-pJ^ 
J ir 2 i \ 



d A k, ■->->[ 1 1 

a M .-20 • O ... I „q 5 * _ M 1 _ -> 



M N - ki + A; 2 M N - ki M N — k\ — k 3 



90 



ieG 9y_ f d 4 f d A x 2 d 4 k 2 d 4 x 3 d% ik9 . (X9 _ Xl ) jk 3 ■ (x 3 - x x ) 
p 8tt 2 J J (2tt) 4 (2tt) 4 6 

x J tPpUMTdrfa^ + lp) 7 5 n(ti,fi-^p)] Dl(x 2 ) A u (x 3 )) 

d 4 ki —iff . f _ 5 1 _ „ 1 



J ir 2 i 



-7" T-r 

M N - fci + £; 2 M N - fci M N - fci - A; 3 

4^._ j4k_ j4 /y ._ j4i 



~ «p ~ Kn 9v f ^ f d 4 x 2 d A k 2 d A x 3 d*k 3 ^_ ik<? . ( X2 _ X] ) o _ ika . (3.3 _ Xl ) 
~ 6G ™ P 4M N sW^i (2tt) 4 (2vr) 4 6 

x I rf3pf/(p)T([p c (t 1 ,f 1 + ip) 7Q 7 5 n(t 1 ,f 1 -ip)] L>t(x 2 )F^(x3)) 
/ ^e-^-Ptr( 7 V- 



x / l|i e -^-P tr L« 7 5 1 ^ X ~^0^ 



M^-ki + k 2 M N - hi M^-k x -k 3 

Jih. A±„ A±l 



6Gmip 4M N 8^J dXl J (2tt) 4 (2tt) 4 e e 

x I dV^(p)T([p c (ti,fi + ^p)7^i,^i-^p)]^(^)^(^)) 



x f^l e -iq-P t T 7 5 i ^7" i A, (F.9) 

•/ 7T l i \ M^-ki + k 2 M N - fcx M N - fci - £; 3 J 

— * — * — * 

where <f = k\ + (/c 3 — k 2 )/2. 

The matrix element of the neutron-proton radiative capture n + p^D + 7we define 
by a usual way as 

J d 4 x < D(k D )-f(k)\C np ^ Dj (x)\n(p 1 )p(p 2 ) >= 

= (JhrWfe + ib - Pl -p 2 ) / - M(n + P ^ D + 7) , (F.10) 

y /2E 1 V2E 2 V2E D V2uV 

where Ei(i = 1, 2, D) and u; are the energies of the neutron, the proton, the deuteron and 
the photon, V is the normalization volume. 

Now we should take the r.h.s. of Eq. (F.9) between the wave functions of the initial 
\n(pi)p(p 2 ) > and the final < D(k D )^(k)\ states. This gives 

(o , u .M(n + p^D + 7) 

(2vr) (kd + k — pi — p 2 ) = 

'2E 1 V2E 2 V2E d V2ujV 



-- ieG 3v_ f d 4 f d^hd^h lk2 . {X2 _ Xl ) ik 3 ■ ( X3 - Xl ) 

x fd 3 P u(p) f^e'^-PtrL^ 5 1 — — i — -1 

J J n 2 i \ M N -k ± + k 2 M N -k ± M N -ki-k 3 ) 

x < J D(A; D ) 7 (A;)|T([p c (t 1 ,f 1 + - p ) ^ 5 n(t u ^ - - p)] (x 2 ) A u (x 3 ))\n( Pl )p(p 2 ) > 
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ieG 9y_ f d , f 4444 . ( X2 - Xl ) -ik 3 ■ (x 3 - xi) 



7 5 - _y _y. 



M N - h + k 2 M N -h M N - ki - k 3 



x < J D(A; D ) 7 (A;)|T([p c (t 1 ,f 1 + \ p ) 7 5 n(t 1? x 1 - \ p)\ D\ (x 2 ) A v {x 3 ))\n{pi)p{p 2 ) > 



2 r ' 1 2 

74^„,74l j4^ j4; 



r k p ~K n g v f 4 y 44 44 -jfc 2 ■ ( X2 - Xl )-ik 3 ■ (x 3 - an) 
Umip 4M N 8f 2 i V (2tt) 4 (2tt) 4 

x Jd 3 pU(p) |^ e -^-P t r| 7 V 
x < D(Ato)7(fc)|T(|>" c (ti,£i + ip)7a7 5 ^i,^i - ^P)] ^(x 2 )F^(x 3 ))|n( Pl )p(p 2 ) > 



i Y — 



M N - fci + fc 2 M N - fci Mn — k\ — k 3 



2 ' y ' ' v ' 2 

74™ j4;„ j4^ j4; 



«p - /C g V f ^ f d X 2 d k 2 d X 3 d k 3 j k2 . U 2 _ Xl ) -jk 3 ■ (x 3 - Xl) 

G ™ p 4M N 8^J dXl J (2nY (2vr) 4 6 



(2tt) 4 (2tt) 



'N 

74 j. 



rf ^1 .-iff - L I 5 1 _ m 1 _ 



Afjsj — k\ -\- k 2 M^j — k\ — k\ — k 3 

(+ - 1 



x < J D(A; D ) 7 (A;)|T([r7 c (t 1 ,f 1 + ^ p ) 7 5 n(t l5 f x — ^ p)\ D^(x 2 ) F v p(x 3 ))\n(pi)p(p 2 ) > . 



(F.H) 

Between the initial \n(pi)p(p 2 ) > and the final < D(kv)'y(k)\ states the matrix elements 
in Eq. (F.ll) are defined (see Eq. (C.23), Eqs. (C.25) - (C.34) and Eq. (E.15)): 

< D(k I) ) 1 (k)\T{\p-{t l ,x l + ^p)w 5 n(t u x 1 -^p)}Dl(x 2 )A„(x 3 ))\n( Pl )p(p 2 ) > 



e -i(pi + p 2 ) ■ xi e ik D ■ x 2 e ik ■ x 3 

[u c {p2)lal 5 u{p 1 )} e* (fc D ) e*(fc) ^np(p) 



^2E 1 V2E 2 V 2E D V2uV 



< D(A; D ) 7 (A;)|T([p c (ti,xi + - p ) 7 5 n(ti, x x - - p)] £>t (x 2 ) ^(x 3 ))|n( Pl )p(p 2 ) > 

e -*(Pi + P2) • xi e ik D ■ x 2 e ik ■ x 3 
= [u c {p 2 )u{pi)\ e*(A; D ) e*(fc) ^ np (p) — 



2Si y 2£ 2 1/2£ D 1/2cc>1/ 
< D(A; D ) 7 (A;)|T(^(t 1 ,x 1 + ^ p) 7 a7^i, *i - ^ p)] ^(x,) F^(x 3 ))|n( Pl )p(p 2 ) > 

= [u c (p2hal 5 u(p 1 )} e* (fcn) i (k u e*p(k) - kpe^k)) 
e -i(pi + P2) • £i e ^D • x 2 e ik ■ x 3 

X^np(p) 



^2E 1 V2E 2 V2E d V2ujV 
< ,D(A; D ) 7 (A;)|T([p c (t 1 ,x 1 + I p ) 7 5 n (t 1; x x - l -p)]Dl{x 2 ) F vP {x 3 ))\n{pi)p{p 2 ) > 
= [u c {p 2 h 5 u{Pi)} e^ko) i (k„e}(k) - k p e* v (k)) 
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p -i{pi + P2) ■ xt ik D ■ x 2 Jk ■ x 3 

x^ ap (p)- , (F.12) 

yj2E 1 V2E 2 V2E D V2u}V 

where kj) and k are the 4-momenta of the deuteron and the photon, then ip np (p) is the 
wave function of the relative movement of the neutron and the proton normalized per 
unit density [8]. It is given by Eq. ( |9.3|) . For the computation of the matrix elements 
Eq. (F.12) we have used the wave function of the neutron and the proton \n(pi)p(p 2 ) > 
determined by the operators of annihilation in the standard form [31] 

Hpi)p(p 2 ) >= 4(pi,<7i)at(K!,O2)|0 >, (F.13) 

where a£ (pi, 01) and a p (p 2 ,a 2 ) are the operators of the creation of the neutron and the 
proton. 

Substituting Eq. (F.12) in Eq. (F.ll) we obtain the matrix element of the neutron- 
proton radiative capture in the following form 

(2tt) 4 5 (4) (k D + k - p 2 - Pl ) M (n + p -> D + 7) = 

= -ieG^p [u c (p 2 ha'y 5 u(p 1 )} e*(A; D ) e* v {k) J d A x x 

d 4 x 2 d*k 2 d 4 x 3 d 4 k 3 + ^ _ p2 _ pi ) . Xl jfo _ k ^ . %2 u k _ k ^ . Xs 
1 (2vr) 4 (2tt) 4 

x / d*pU(p)iP np (p) I d ^ e -n- ^(tV ,, \ , f 7 M 7^~~ — ~l v ' 1 



?r 2 z { M N -k 1 + k 2 Ms- ki Mjq-ki- h 

- ieG ™ P -^[u c (P2h 5 u(Pi)}el(k D ) e* u (k) J d A x x 

d 4 x 2 d% d A x 3 d A k 3 i(k 2 + k 3 -p 2 - Pl ) ■ Xl J{k B - k 2 ) ■ x 2 A(k - k 3 ) ■ x 3 
^ ' (2tt) 4 (2tt) 4 

x / d 3 pU(p)^ np (p) ( ^e-^'PtrU 1 ^f—L^f 1 A 

-i e G nnp Kp 2M ^ n g J 2 [u c (p2hal 5 u(Pi)} e^(fc D ) K e* p {k) J d A x x 

d*x 2 d 4 k 2 d 4 x 3 d 4 k 3 + k 3 - P2 - Pl ) . Xl J(k D - k 2 ) ■ x 2 i{k - k 3 ) ■ x 3 
' (2tt) 4 (2tt) 4 

x I d* P U(p)^ np (p) /^ e -^-P t r( T V \ 1 - 

P •/ tt 2 z \ M N - ki + k 2 M N - An M N - jfei - k 3 

-i e G wnp Kp 2M ^ n g J 2 [^ c (P2)7 5 ^(Pi)] e* (fc D ) K e}(k) J d A x x 
x d 4 x A d 4 x 3 c/ 4 fc 3 e ,(fc 2 + fc 3 - p 2 - Pl ) • X! e z(A; D - fc 2 ) ■ x 2 e i{k - k 3 ) ■ x 3 



A 



(2tt) 4 (2tt) 

x I d*pU(p)^ np (p) I ^e-^-Ptrh 1 ^—^o»P \ A. 

J k\ {' M N -h + k 2 M N - ki M N -h-k 3 ) 

(F.14) 
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Integrating over xi, X2, x%, /c 2 and k% we obtain in the r.h.s. of Eq. (F.14) the 5-function 
describing the 4-momentum conservation. Then, the matrix element of the neutron- 
proton radiative capture becomes equal 

M(n + p -> D + 7) = -i e G mip |^ [u c (p 2 )w 5 u(Pi)] e*(fc) 



M N - ki + k D Mn — ki M N -k!-k. 



9v 



J J 7lH Mm - hi 4- k-r, Mm - fci 



i e G unp — [w c G» 2 ) 7 "(Pi)] e* (fc D ) e*(fc) 
(i 4 /ci _ ? v . f 5 i ,, 1 



M N - ki + k D M N - ki M N - ki - k J 

x / rf 3 pf/(p)^n P (p) / ^e-^-^tr( 7 V i ^ l^o" 1 . 

•/ P i ^ I M N - ^ + k B M N - h Mn-ki-k. 

x u P u{p)^{p) r^e-v-pt 



d4 kl -iff. OlJ ,5 1 _ y« 1 _ L 



M N - fci + A; D M N - fci M N - fci - fc J 

(F.15) 

where <f = fci + (k — k-£>)/2. 

As usually we represent the matrix element Eq. (F.15) in terms of the structure func- 
tions 

.M(n + p -> D + 7) = 

-% e G^p |^ [M c (p 2 )7a7 5 M(pi)] e* (fco) e*(fc) JT^Od, k; Q) 

-i e G wnp [u c ( P 2h 5 u(Pi)\ <(M e:(fc) JT(te, fc; Q) 
-« e G 7mp Kp 2M ^ g J 2 [ MC (P2) 7 a7 5 ^(pi)] e*(A; D ) fc„ e*p(k) Jg^(kn, k; Q) 

- %eG ™* [u c (P2h 5 u(Pi)] e*(ko) Ke%k) jr"(k D , k; Q), (F.16) 

where we have denoted 



jr u (k D ,k;Q) = Jd 3 pU(p)^ np (p) 

d A k ± 



j<^l-iff.p t \a r 

J ix % ! 



x / — — e ^tr<7" 7 " —7^ -7" 



M N - h - Q + k D M N — ki — Q Mn-kx-Q-k. 
jr(kD,k;Q) = Jd 3 pU(p)^ np (p) 



x f^l e -iq-pJ^ J_, 1 ^ \ 

J ir 2 i Mm — fci — O + fcr> Mm - L - Q 



M N - ki - Q + k D M N — ki — Q M N — k ± — Q — k 
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jr^(k D ,k;Q)= jd 3 pU{p)^{p) 

x f^le-iq-pJ^ 1 —<j v ^ X—, . 

J ah { M N - ki - Q + k D M N -ki-Q M N - ki - Q - k 

jr P (k D ,k;Q) = Jd 3 pU(p)^ Dp (p) 

x r^e-rt-pJ^ , 1 , , r — i — ^ } , X 

J Txh \ M N - ki - Q + k D M N -k x -Q M N — k\ — Q — k\ 



(F.17) 

Here Q = a kj) + b k is an arbitrary shift of a virtual momentum, where a and b are 
arbitrary parameters. 

First, let us restore our result for the matrix element of the neutron-proton radiative 
capture obtained for the 5^ 3 \p )-potential [2,4]. In the case of the local four-nucleon 
interaction the structure functions are defined as follows: 

JT"(*d, *; Q) = 

x /^ t J T v . 1 . . y — - 1 . . }, 

•> tt 2 « I M N - A* - Q + Afc M N -A;i-Q M^-h-Q-k) 

Jt(k D ,k;Q) = 



J 7T 



^1 , f , 1 1 1 



x — tr 7°- f ~ f 7 TT f a7 



2 « [ ' M N - fci - Q + k D ' M N — k\ — Q' M^-kx-Q-k 
Jr" , (k D ,k;Q) = 



f d 4 h { a i 



x / — : <VV : " 



M N - ki - Q + k D M N — ki — Q M N — k\ — Q — k, 

jr (S (k D ,k;Q) = 



[ ^i t r{ 7 5 » 1 , - 7" i ^ / , , L (F.18) 

?r 2 i I M N - ki - Q + k^ IWm-L-O Mm - fc, - - fc I 

s been shown in [2] the structi 
finite and unambiguously defined [2] 



M N - k x - Q + k D M N — k\ — Q M N - h - Q - k . 
As has been shown in [2] the structure functions j£ v (k-D,k;Q) and (kz>, k; Q) are 



Jt , (k D ,k;Q) = -^-e^k 13a k fi , 

J^(k B ,k;Q) = 2M N te a ^, (F.19) 

where e 0123 = 1. In turn the structure functions J^ u (kB,k;Q) and J^ ul3 (k D ,k;Q) are 
defined ambiguously with respect to the shift of the virtual momentum k\ — > fci + Q. 
Following the procedure [25] we obtain [2] 

Jt U (k D , k; Q) = 2ie a ^Qp = 2ie a ^(a k D + b k)p, 
Jt P {kv,k-Q) = -2te^ a Q a = -2ie^ a (ak D + bk) a . (F.20) 
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Since the shifts along kn for ^^(k-o, k; Q) violate the electromagnetic gauge invariance, 
we should set a = 0. Then, for 3§ v (k-£),k;Q) the term proportional to the photon 
momentum does not contribute to the matrix element of the neutron-proton radiative 
capture. Therefore, we can set b = too. Thus, the structure functions Eq. (F.19) reduce 
themselves to the form 

jr u (k D ,k;Q) = 2bie a ^k p , 

jr P (k D ,k;Q) = -2 ai e^ a k Da . (F.21) 

For the structure functions Eq. (F.19) and Eq. (F.21) the matrix element of the neutron 
proton radiative capture is defined [2]: 

M(n + p -y D + 7) = 
= (1 _ a («p - kJ) G nnp e a ^k a e* p (k)e;(k D ) 2 M« c (ft») A(Pi)]- 
_( Kp _ Kn _ 2 b) J^- G nnp e a ^k a e}(k)e;(k D ) M N [u^ 2 ) lvl 5 u{p x )\. (F.22) 

As the neutron-proton radiative capture n + p^D + 7isa magnetic dipole Ml tran- 
sition, i.e., 1 So — > 3 Si, the matrix element of the transition should be proportional to the 
difference of the total magnetic dipole moments of the proton and the neutron (/x p — p n ). 

It is reasonable to satisfy this constraint adjusting only ambiguously defined contri- 
butions. Thereby, setting a = — 1 and b = —1/2 we get 

M(n + p - D + 7) = Gup - /in) G nnp e a ^k a e* p (k) e^fe) 

x [« c (p 2 )(2 - M N7 ,)7 5 M ( Pl )]. (F.23) 

The matrix element Eq. (F.23) coincides completely with the matrix element Eq. (5.15) 
of Ref. [2]. 

In the low-energy limit when 

[u c (p 2 hul 5 u(p 1 )} -> -g u0 [u c {p 2 )^u{p 1 )} 

and k-Du 9vo 2Mn the matrix element Eq. (F.23) acquires the form 

M (n + p -> D + 7) = e (/i p - (jlJ |^ (fc x e*(£)) • e*(£ D ) [<?(p 2 ) 7 5 u( Pl )]. (F.24) 

Now let us proceed to the computation of the structure functions defined by the four- 
nucleon interaction Eq. ( |1.7| ) with the Yukawa potential U(p) given by Eq. ( |1.4|) . Following 
the prescription of the RFMD we should expand the integrand of the structure functions 
in powers of &d and k and keep only leading contributions. 

The calculation of the structure function J^ 1 '(kn,k;Q). After the algebraical ma- 
nipulations with the Dirac matrices we arrive at the expression 

jr(k D ,k;Q) = -J d 3 pU(p)^ ap (p) J ^-e-^-P 

x M N tr{7 5 fcD7 M 7^} rp2 ,v 

[M£ -(h + Q-kny-mM* -(A; 1 + g) 2 -z0][M2 - fa + Q + k)* - i0]' { ' ] 
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It is seen that the leading term of the structure function is given by the numerator which 
does not depend on both the virtual momentum k\ and the shift Q. Therefore, taking 
away the trace over Dirac matrices we should calculate the residual integral at k D = k = 0: 



jr{k^k-Q) = -trh^'yi} / d 3 P U(p)^ np (p) 



[M N -kf-iO}*- 
(F.26) 

The computation of the trace is trivial and reads 

tr{^k D YYk} = -4 % e^k^kp. (F.27) 

The residual integral over k\ can be expressed in terms of the McDonald function: 

d 4 h _i% x . $ M N _ r d% _i% x . p J dk w M N _ 

ttH 6 [M N _ k\ - zO] 3 ~ J ttH 6 J [El - fcfo - *0] 3 " 



37r r d k\ —i^.pM^ Mn 3 r d\ki\\ki\ sin \ki\p Mn f d\ki\ cos \k\\p 



li 2 



= ^pK 1 (M N p), 

^ V»-t»r ^ w (R28) 

Thus, the structure function J^ u {k^, k; Q) is given by 

Jf{kv,k-Q) = ^-e^knakp f d 3 p U (p) tp np (p) M^p K\ (M^p) 

IVh 



N 



= -^e^k Da k,v np (0)a np [ d ^U{p)M n pK 1 {M^p) x e »*M#) sin <WW (F.29) 
M N J p a np K 

where we have inserted the wave function ip n p{p) i n the form of Eq. ( |9.3| ) and K is the 
relative 3-momentum of the neutron and the proton. 

The calculation of the structure function ^ (kn, k\ Q). Emphasize, since the 
structure function J^^ik^i-, k\ Q) enters to the matrix element of the transition n + p 
— > D + 7 multiplied by the photon momentum k„, therefore, in the integrand we should 
set k = and then expand in powers of k^ keeping only linear terms. Recall, that 
we consider the neutron-proton radiative capture for thermal neutrons, therefore, the 
deuteron is almost at the rest, i.e., k^, = (kj),0). For the computation of the momentum 
integral we should assume that k^ -C Mn and continue the final result on-mass shell of 
the deuteron (see Appendix C). At k = a 4-vector Q is proportional to k D only, i.e., 
Q = ak B . 

For the computation of the momentum integral in Jl ; (&d, k; Q) we should take into 
account that the indices /i, v and (3 should be spatial. Then, the computation runs as 
follows: 



^l e -^i • P tr { 7 5 — ^ * * 

{ M N - ki - (a - l)k D M N - k x - a k B M^-k x -aki 
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~ J nH [El -k 2 10 -2(a- 1) k w k° D - iO] [El -k 2 w -2a k l0 k° D - tO} 2 

x tr{ 7 5 (M N + k 1 + (a-l) ic D )'f(M N + k 1 + ak D )a^(M N + k l + ak D )} 

~ J nH [El - k 2 w - ,0] 3 l 1 + (ba l) [El - k 2 - ,0] + • • • / 

x tr{ 7 5 (M N + h + (a - 1) k D )Y{M N + h + ak D )a u(3 {M N + h + ak D )}. (F.30) 
Now we should bring up the trace over Dirac matrices to the more convenient form 

tr{ 7 5 (M N + k 1 + (a-l) ^d^Mn + k 1 + ak D )cr ul3 ( y M N + k ± + ak D )} = 

= tr{(M N + k x + a£; D ) 7 5 (M N + k 1 + (a-l) k D )Y(M N + k 1 + ak D )a u ^} = 

= tr{ 7 5 [(M 2 - (fci + aA; D ) 2 ) - (M N - k ± - ak D )k D ]Y(M N + h + ak D )a^} = 

= tr{ 7 5 [(M 2 - k\) - 2ah ■ k B - (M N - fc 1 )fc D ] 7 ' 1 (M N + h + ak B )a^} = 

= (M 2 - /^)tr{ 7 5 7 4i^} - 2ak\ ■ fc D tr{ 7 V W^} + a(^N - fc^trfrVfo^} 

-M N tr{ 7 5 £ D yV^} + tr{ 7 5 & 1 % D 'fh<T vp }. (F.31) 

Substituting Eq. (F.31) in Eq. (F.30) and keeping only linear terms in power momentum 
expansion we get 

m 



J irH \ 



- 7 " 



Mn — /ci — (a — 1)A;d Mn — ki — a kn Mn — ki — a kr> 



+ 



d% -ijfe! ■ p tr{ 7 5 fc D (7°A: 10 + f ■ fcQy ( 7 °fc 10 - 7 ; giKf} 

[4 " *?o - *0] 3 



fci 

' 1 ' • ••' - /,•- 



(4a - 2) tr{ 7 5 7 4 D a^} / ^i e ~iki • P 
+atr{ 7 5 7 4D^}/^e-^-/ 7 
+tr{ 7 5 7 4 D a^} / ^h e ~ih ■ P 



10 



[^4 - - ioy 



■P 

K 


- k 2 - 


-1O] 2 


P 


Ml 




K ■ 


- k 2 - 


tO} 3 


k 2 
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4a-^ tr{ 7 V^}/^e-* j? 



k 2 

p fc io 



+ 



[El - k{ - toy 
1 



We have used here that A; D = 7o^r> and the relation 77^ -7 = 7^ valid for p = 1, 2, 3. We 

— * 

have carried out the integration over the directions of k\ as if the integrand has been a 

— * 

• 7 — * 

spherically symmetric. It is true, since the factor e~ lKl ' P can be taken as a spherically 
symmetric if to keep in mind that the integration over p is spherically symmetric and 
should reduce this exponential to the form sin(\ki\p)/\ki\p. 
Integrating over k w we leave with the integral over k\. 



1 



^ e -^i • /V{ 7 5 ^ ^7 M i ^ vP - 

tt 2 « [ M N -k 1 -(a- l)k D M N - fci - ak B M N - £4 - ak D 

'3/ 

i tvl- :, -'7,-,^' ; ! / - 



i tr{ 7 5 7 4D^} | fh e -^ ■ P-^-. (F.33) 



fci 

The integral over k\ can be expressed in terms of the McDonald function: 



r d 3 k\ —ik x . p 1 4 r d\ki\\ki\ sin \k\\p 



'DO 



4 / ^ — = 4K M N p . F.34 







This yields the structure function J^^ik^^ k; Q) in the form 

j^(k B ,k;Q) = -4ie^ a k Ba [ d 3 P U(p) ^ np (p) K (M N p) 



= -Aie^ a k Ba v Qp (0)a Qp [ ^ U(p) K (M N p) x e *W*) sin M^) > (F . 35 ) 

J p a np A 

The calculation of the structure function S afMU/3 (ki),k;Q). At leading order in the 
momentum expansion it does not depend on Q and defined as 

fafj.u/3 



J 5 a ^(k D ,k;Q)= Jd 6 pU{p)^{p) 

x f^le-iki-pJ^s L_^ 7 m L_ 

J { M N -ki M N - fci M N - fci 

The computation of the momentum integral runs as follows: 

^ e -**i • Ptr{ 7 a 7 5 ^--7 M 

k 2 i { Mn — k\ M N - fci M N - ki J 
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d 4 h . ^ tr{ 7 5 (M N - kh a (M N + fci) 7 ^(M N + h)a^} 

irH 6 [M N - k\ - ^0] 3 

d% . ^ tr{ 7 5 (M N - k^rjM^ + 2M N A:f + kg^a^} 

irH 6 [M N - k\ - *0] 3 

f d*h _^ . ^ tr{ 7 5 (M 3 7 a 7 ^ - 2M N fcffci7 a + M N7 a fci 7 ^fci)cr^} 

— * 

Integrating over directions of k\ and using the relations 



7 



'k-fk + ^ (F.37) 



valid for ji = 1, 2, 3, we arrive at the expression 



•/ tt 2 « I M N -ifei Mn — fci M N -ifei 



■2 1 r,2 



17 7 7 7 7T 2 * [M 2 - fc? - * ] 3 



4 . , 1 

74 



Ml --El - fc? 



- tr)lVf ^/^i 3^i^; . (F , 8) 



Then, we integrate over fcio and get 



/ ^ e -^i • /Vi 7 a 7 5 ^7 M ^ 

•/ 7T « I Mn — k\ M N - fci 



M N - fci J 

-itr{ 7 V7^}M N / ihe^k-pMx = 

= 2te a ^M N J fh e ~ik-p^_ (F .39) 



fci 

The integral over k\ can be expressed in terms of the McDonald function: 

j2 



f <Fh -ik x ■ p^N = M 2 1 7 rf|fci||fci|sin|fci|p 



3 i m+w 2 3 

This gives the structure function J^^{kn, k; Q) in the form 

jr uP (k D ,k;Q) = ^M N ie a ^ J d 3 pU(p) ^ np (p) M N p K^p) 
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= I M N i MO) «n P / ^ U(p) M N p K x {M*p) x e W sin M^ (R41) 

The calculation of the structure function {kiy^k^Q). The computation of the 
momentum integral defining the structure function J^ik-o, k; Q) we perform as usually: 

d4k ^-iq- p tT i ai 5 1 1 -7" 1 \- 



{ M^-ki-Q + kn M N — ki — Q M N — ki — Q — k) 
I ^A e -*9 * P tr{ 7 a 7 5 (M N + fcx + Q - k D )^(M N + fc x + Q) 7 "(M N + ^ + Q + k)} 

J TX A l 



X- 



K - + Q - fo) 2 - iO] [Ml - (h + Q) 2 - i0] [M 2 - + Q + A;) 2 - iO] 

= / ^i e -^i • P tr{ 7 a 7 5 (M N + fc x + Q - fc D ) 7 "(M N + fc x + Q) 7 " (M N + ^ + Q + k)} 

1 f 2fr ■ (3g - A; D + fc) 1 

M-fc?-i0]3 1 + [M 2 -A; 2 -*0] + ---J- 1 } 

The trace over Dirac matrices we transform as follows: 

tr{ 7 a 7 5 (M N + k + Q~ k D )^(M N + k + Qh u (M N + k + Q + k)} = 
= -tr{ 7 V(M N + h + Q- k B )[M^Y + M N -f(k + Q)Y + M N ^Y(k + Q + k) 

+r(ki + Qh u (ki + Q + k)]} = 

= -tr{M 2 7 V(^ +Q- k D )YY + M 2 7 5 7 Q r(^ + Q)Y + M^ a ^Y(ki + Q + k) 
+ 7 V(fci + Q - fc D )7"(fci + Q)l v {k + Q + k)} = 
= -tr{M 2 7 5 7 a 7V(^i + Q - + fc) + 7 V(<? - k D )Yhi u k - ^k^kYQY 

+ 1 b 1 a k ll »k ll v (Q + k)+ 7 5 l a ka»kiYki}. (F.43) 
Substituting Eq. (F.43) in Eq. (F.42) we obtain 

'4 



r cr 
J n 



) e "~" L Ptv< 7 " 7 " - —7^ -7" 

2 i { M N - fci - Q + A; D M N — k\ — Q M N — k\ — Q — k, 

4 ^ - M 2 



= -tr{ 7 VW(Q - + fc)} / ^e"^ ' P 



[M 2 - k\ - *0] 3 



2 r^i^-p trhV^} 

N i vr 2 *" [M 2 -A; 2 -^ 2A;i W 

^±-ih ■ p 1 



7T 2 i [M 2 - fc 2 - iO] 3 

x tr{ 7 5 7 Q (Q - kD)-fki u k - -fh-fh-fQ-f + i 5 i a k^ki u (Q + fc)} 

/■^i -ik . p trb 5 rkrkrk} 
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Emphasize that in the low-energy limit the main contribution comes from the compo- 
nent with a = and p, v spatial. Therefore, due to = 7o&d the structure function 
J^ u (&D, k; Q) should be proportional to the photon momentum k. Thus, in the low- 
energy limit the momentum integral Eq. (F.44) can be transformed as follows: 

^kl-ik, ■ pj a 5 1 g „ 1 v * 1 = 

n 2 i { MN-^-g + ^o M N -h-Q M N - h - Q - k J 



,.,f 2 

= -(& + i)tr{ 7 yyy^} 



d ki -fa . p M 2 
7r 2 i [M 2 -k\- iOf 



2(3b+l)M N j ^.e [M^ — k\ — iO] 4 *° 

_m 4. n f^i,-«ikr ^{7VWi^} 
1 + j i vr 2 * [ M 2 -A; 2 -*0P 

- 2(M+1)/ ^^ ^^y (fa .,). (F , 5) 

Now let us integrate over directions of k\. 

tr{ 7 VWM (h -k)^-\ # tr^VW*}, 

tr{ 7 5 7^i7^i7^} - ( " k 2 10 + i k^j tr^VW*}, 

tr{ 7 y4i7^i7^i} (fci • k) = k\ tr{ 7 Vt^iT"} (*i • *0 = 

- \ k 2 (k 2 l0 - k 2 ) tr{ 7 VWH- (F.46) 
Substituting Eq. (F.46) in Eq. (F.45) we arrive at the expression 



f ±^ e -iq-p tT yy 
J 7i i i 



-7 M - ? -7"- 



M N - ki - Q + k D M N — ki — Q M N -h-Q -k, 

p M 2 



[ei - k 2 w - ay 

4. 1 2b + - W 2 /" ^l p -iki ■ p 
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Integrating over k w we get 
d 4 ki »• 



J TT 2 i 



-iq ■ p t 



1 



1 



-7 



7 



M N - ki - Q + k D M N — ki — Q M N -ki-Q -k 



fci 



/5 5\ [d*h jk,.fiM*k* 
+ \8 b+ 2A)J ix^i El 



7T 



#1 
fel 



+ U 24jy tt £Z 



tr{ 7 VyV£;} 



12 



7T 



fel 



+ 1 



8 32 



7T 



4 + 

fel 



8 12 



TT 



'A 
4 



(F.48) 



We have found the structure function J a ^ ,v {kiy ) k; Q) dependent on the arbitrary shift of 
the virtual momentum: 

1\ rcPh -ik x -pj_ 



J a ^(k D , k-Q) = -i J d 3 p U(p) <Mp) I (b - I) / ^e"** 1 ' p 



fci 



+ 1 



E 5 



+ 



fei 



/■ crfc 

J 7T 



1 

4 



(F.49) 



In the more convenient form the structure function ^T aflu (k-D,k;Q) can be defined as 
follows: 

J "" fa, k; Q) = ie a ^% xCx e ^n P (^) sin M X ) ; 



a np K 



(F.50) 



where the arbitrary constant C contains all uncertainties caused by a shift of a virtual 
momentum: k-y — > fci + bk. 

In terms of the structure functions the amplitude Eq. (F.16) reads 

A% + p^D + 7 ) = e*M^ sin M X ) x 



a np iT 2M N 4tt 2 mip 



/ ^ C/(p) [M^pK^Mvp) - {k p - n n ) K (M N p)} 
J p 



x e a ^ k a e* p {k) e;(k D ) [u^p 2 )2k Dul 5 u(Pi)] 
2 , , /■ d 3 p 

P 



2 /" d 3 /) 

- 2 C + - («p - «n) w np a np J^-U (p) [M N p K x (M N p) 
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x^fc a e;(fc)e;(A; D )[^(p 2 )M N 7,7 5 w(Pi)]|- (F.51) 
In the low-energy limit the matrix element Eq. (F.51) reads 



M(b + P .D + t ),/#)^ 



a np K 



9v 



x e G rap (fc x e*(fc )) • e*(fc D ) [« c (p 2 )7 



57T 



2 («p - «n) - ) Xl(M N p) - (/C p - « n ) K (M N p) 



3 

(F.52) 

The expression in the curls is completely arbitrary due to arbitrariness of C. Therefore, 
we suggest to denote 

M(n + p^D + 7 ),eV)^£) 

a np K 

xM x e(jtp- fi n ) |^ G^p (fc x e*(£)) • e*{k B ) [u c {p 2 )-f 5 u{Pi)}, (F.53) 

where .Mo is an arbitrary parameter which we can fix by the consideration which has been 
used for the derivation of the low-energy theorem Eq. ( fj.7| ). Indeed, in the low-energy 
limit K — > 0, when the np system becomes localized in the region of order of 0(1/ K) 
which is much larger than the range of nuclear forces, the wave function of the relative 
movement of the neutron and the proton can be described by a plane wave, and the 
matrix element of the neutron-proton radiative capture should not depend on the shape 
and the range of the nuclear potential [6]. Thereby, in the low-energy limit the matrix 
element of the neutron-proton radiative capture A4(n + p — > D + 7) S . P calculated for the 
smeared potential U(p) should coincide with the matrix element .M(n + p — ► D +7)<j. p 
calculated for the 6® (p)-potential. This gives Aio = 5. As a result the matrix element 
of the neutron-proton radiative capture calculated in the generalized RFMD reads 



M(n + P ^D + 7 ) = e W^ 



a np K 

xe(/i p -/i n )^G mp (k x e*(k)) ■ e*(k D ) [u c (p 2 )-f 5 u( Pl )]. (F.54) 

The cross section for the process n + p— > D + 7 is calculated in Sect. 10, where we also 
compare our result with experimental data and the PMA and the EFT approach. 

Appendix G. Computation of cross section for low- 
energy elastic pp scattering 

In this Appendix we give the detailed calculation of the cross section for the low-energy 
elastic pp scattering in the 1 So-state caused by the effective strong local four-proton 
interaction 

£ p JT pp (*W, = /^V 3) (p. 
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[p(t, x+ l -p) 7 V (t, x - \ p)\ ^(t, x+ l -p) 7 5 p(t, x - \ p )] , 
In the quantum field theory the amplitude of the pp scattering is defined 



(G.l) 



J d'x <p(p' 2 )p(p'i)\£T(x)\p(pi)p(p2) >= 

(2vr) 4 *«(p£ + p> - Pl - P2 ) M ^+P^^P^+P^ t 

'2E' 1 V2E 2 V2E 1 V2E 2 V 



(G.2) 



where Ei (E^) (i = 1, 2) are the energies of the protons in the initial (final) state. 
Substituting the effective Lagrangian Eq. (G.l) in the l.h.s. of Eq. (G.2) we get 

J d 4 x <p{p' 2 )p{p\)\C^ PV {x) C oMpMP2) >= 

d'x J d 3 p5^(p) < P ( P 'Mp[)\m,z+lp)i 5 p c (t,z-\p)} 



2n a 



2tt a 



X [p c (t,X+^p)-f 5 p(t,X- ^ p)]\p(pi)p(p2) > = 

■ Jd 3 p5^\p) <p{p'Mp\)\m^+\p)i b p c {t^-\pW 

x < 0\[p c (t,x + ip)7 5 p(t,f - ^ p)]\p(pi)p(pi) > ■ 



> 



(G.3) 



For the computation of the matrix elements in the r.h.s. of Eq. (G.3) we should write 
down the wave functions of the initial \p{pi)p{p2) > and the final < p{p' 2 )p{p'i)\ states. 

Since the protons are coupled in the 1 S -state and correlated in the initial state, we 
should take the wave function \p(pi)p(p 2 ) > in the symmetrized form Eq. (C.26): 



|p(pi)p(p 2 ) >= -^a^(p l7 ai)a^(p 2 ,a 2 )\0 > . 

The wave function of the final state < p{p' 2 )p{p'i)\ we take in the form 

<p(P2)p(p'i)\ =< 0|a($,^)a(#X). 



(C.26) 



(G.4) 



This wave function is antisymmetric under the permutations of the protons. The squared 
normalization factor 1/a/2 will be taken into account as usually for the computation of 
the phase volume. 

For the proton field operators we use the plane- wave expansions Eq. (C.27) and 



p(t,x + \p) = J2 



2E ql V 



1 



1 



P C (t,X--p)=Y: r-— 



i\ c{ i \ iEffd — iqf, ■ (x — pi 2) 
a 1 (q 2 ,a 2 )u (q 2 ) e «a y 2 v r/ ) 
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(G.5) 



Now we can compute the matrix elements in Eq. (G.3). Keeping only the terms containing 
the operators of the creation and the annihilation of the protons and applying the anti- 
commutation relations Eq. (C.30) we get 

< 0\p c (t,x + ^p)-f 5 p{t,x - ^ p)\p(pi)p(p 2 ) >= 

= V 1 — 1 e~^ qi + ( l2)-x + i(qi - q 2 ) ■ p/2 

x [u c (qi) 7 s u(q 2 )] < 0\a(qi,a 1 )a(q 2 ,a 2 )a^{p 1 ,a 1 ) a f (p 2 ,a 2 )\0 >= 
= J2 1 — 1 e - ^ 1 + ^)-x + - <f 2 ) • p/2 

X [M c (g!) 7 5 wfe)] ~y^( — ^<?iPi ^Qicri ^(j 2 P2 ^20-2 + $q 2 pi £>a 2 ai $qip 2 ^aicr 2 ) = 

p -i(pi +p 2 ) ■ x 



^2E 1 V2E 2 V 

x 72 ( " [mC(pi) 7 " m(P2)] e ^ ~ ^ ^ + [mC(P2) 75 u{pi)] e ~ 1 ^ ~ p2) ^ 

e -i(pi + P2) • a: / e i(pi - p 2 ) • p/ 2 + e - ^^ 1 ~ • p/V 

= 1 [u c (P2)i 5 u( Pi )] -= 

yJ2E 1 V2E 2 V V ^ 2 

P -i(pi + P2) • x ( Jk ■ p , -ifc • p 1 

= -^=^— [^(p 2 ) 7 5 «(pi)] ±= I , (G.6) 

2E l V 2E 2 V \ V2 



E E 



i 1 Jtfi +^)-x~ i{q[ - q 2 ) ■ p/2 



q{, a [ q>,a' 2 J^'V J2E^V 



x Hq[) 7 5 u c {q' 2 )\ (-6%% c^X S m 5 »W 2 + = 

J (pi + Pa) 



/2£(y 2£ 2 y 

x ^[-«(p' 1 ) 7 5 u (p' 2 )] e - i (Pi -P/ 2 + [w(p , 2 ) 7 5 w c (p / i)]e ? ^ '# 2 ) = 
J(pi+p 2 ) - a: 



[«(p 2 ) 7 Mp'i)] [jV-P + e-M'-P ), (G.7) 
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where k — (pi — p 2 )/2 and k' = (p{ — p 2 )/2 are the relative 3-momenta of the protons 
in the initial and the final state such as = \k' \ — k. We have used too the relations: 
[u c {pi)^u{p 2 )\ = -[u c (p2)l 5 u(p l )] and [uip'^u ^)} = -[m(p' 2 )7 5 m c (p' 1 )]. 

Expanding into spherical harmonics and keeping only the S-wave contributions we 
bring up the matrix elements Eq. (G.6) and Eq. (G.7) to the form 

< 0\p c (t,x + -p)7 5 p(t,f - - p)\p(pi)p(p 2 ) >= 

e -i(Pi+P2)-x ink 
= i W C (P2) 7 5 «(pi)] V2 —f, (G.8) 

^2E 1 V2E 2 V k P 

I i 

<p(p' 2 )p(p[)\[p(t,x + -p)l b p c {t,x- -p)]|0 >= 

Mi+p^-x sin k o 

= , - [u( P 'ih 5 u c (p[)} 2 ^f- (G.9) 

^2E[V2E' 2 V k P 

Substituting Eq. (G.8) and Eq. (G.9) in Eq. (G.3) we obtain 



J d'x <p(p' 2 )p(p[)\CT(x)\p(Pi)p(P2) >= 
4a/2tt r e^Pi +P2-Pi-P2)-x 



M n J yj2E[V 2E' 2 V 2E 1 V2E 2 V 

J <*V (s) (/0 ^jr [^(P2)i 5 u( Pl )] = 

- (2tt) 4 5 (4 \p[ + P ' 2 - Pl - p 2 ) 



2E[V 2E' 2 V 2E l V 2E 2 V 



X I " ^ a PP^^)7V( P ;)] [^ 2 ) 7 5 ^i)]| (G.10) 



This gives 



4\/27r 

M(p( Pl ) +p(p 2 ) -> p(pi) +p(p 2 )) = — a pp [M(p , 2 ) 7 5 M c (p / 1 )] [u c {p 2 ) 7 5 m(Pi)]- (G.ll) 



The amplitude Eq. (G.ll) squared and averaged over the polarizations of the initial 
protons and summed over polarizations of the final protons reads 

327T 2 

\M(p(p 1 )+p(p 2 )-^p(p' 1 )+p(p' 2 W = ^2 a lv 



x ^tr{(M N +p 2 ) 7 5 (M N -p;) 7 5 M(M N +p 1 )7 5 (M N -p 2 ) 7 5 } = ^ 

4 M N 

where s — (p x + P2) 2 = (pi + P 2 ) 2 - 
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The cross section for the low-energy elastic pp scattering is defined 

o-(pp -> pp) = — ^ y |A^(p(pi) +p(p 2 ) -> p(p'0 +p(P2))| : 



x-(2vr) ^ () (Pi+ft-Pi-P») (27r)a ^ (27r)a ^ 



= ^ |M(p(pi) + Pfe) - Piti) + pitiW 2 4^ = ™pp ^ ■ (G.13) 

In the low-energy limit k — > 0, when s — > 4M^, we get 

a(pp -> pp) = 47raJ p . (G.14) 

By analogous way one can show that the cross section for the low-energy elastic np 
scattering (see Sect. 11) reads cx(np — > np) = 47ra^ p . 

Appendix H. Threshold behaviour of amplitude and 
cross section for z/ e + D^e + + n + n 

In this Appendix by using the effective local four-nucleon interaction Eq. ( [Lip we adduce 
the calculation of the cross section for the process P e + D^e + + n + n near threshold, 
when the relative momentum of the neutrons goes to zero. 

The effective Lagrangian of the process ^ e + D^e + + n + n caused by the effective 
local four-nucleon interaction interaction Eq. fll.l|) is given by [4] 

£p c D->e+nn(x) = SA G»|^ D^x) [n{x)-f^n%x)\ [^COt" "(1 ~ l")^)}- (H.l) 

The amplitude defined by the effective Lagrangian Eq. (H.l) reads [4] 
iM{u c + D -> e + + n + n) 5 . p . = 

= -^ A M N ^^aNNe M (Q)[^(fe c )7 At (l-7 5 )^(^ + )][n(p 1 ) 7 Vb 2 )]. (H.2) 

The amplitude Eq. (H.2) squared, averaged over polarizations of the deuteron and summed 
over polarizations of the final particles is defined by 

| M{pc + D - e+ + n + n) 5 . p .| 2 = -f^ G* NN f £ e+ £ Pc - -k e+ -kA. (H.3) 

The integration over the phase volume of the (nne + )-state we perform in the non- 
relativistic limit near threshold and in the rest frame of the deuteron 
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EuM (E^\ 12 ( 2me f 2 (E± _ \ 2 
1024vr 2 I M N J I /•:,:, ) \E th 1 



The cross section for the process z/ e + D^e + + n + n calculated near threshold is 
defined by 

<c°(£pj = ao f ^ - l) , (H.5) 



where <t is defined by Eq. (8.15). The cross section Eq. (H.5) agrees with the cross section 
calculated near threshold by Weneser in the PMA [44,45]. 



109 



References 

[I] A. N. Ivanov, N. I. Troitskaya, M. Faber and H. Oberhummer, Phys. Lett. B361 (1995) 
74. 

[2] A. N. Ivanov, N. I. Troitskaya, M. Faber and H. Oberhummer, Nucl. Phys. A617 

(1997) 414 and Nucl. Phys. A625 (1997) 896 (Erratum). 

[3] A. N. Ivanov, N. I. Troitskaya, M. Faber and H. Oberhummer, Z. Phys. A358 (1997) 
81. 

[4] A. N. Ivanov, H. Oberhummer, N. I. Troitskaya and M. Faber, Solar proton burning, 
photon and anti-neutrino disintegration of the deuteron in the relativistic field theory 
model of the deuteron, |nucl-th/9810065| , 26 October 1998. 

[5] M. M. Nagels et al., Nucl. Phys. B147 (1979) 253. 

[6] W. F. Hornyak, in NUCLEAR STRUCTURE, Academic Press, New York, 1975 and 
references therein. 

[7] M. Kamionkowski and J. N. Bahcall, ApJ. 420 (1994) 884. 

[8] H. A. Bethe and C. L. Critchfield, Phys. Rev. 54 (1939) 248. 

[9] E. E. Salpeter, Phys. Rev. 88 (1952) 547. 

[10] S. Weinberg, Phys. Lett. B251 (1990) 288; Nucl. Phys. B363 (1991) 3; Phys. Lett. 
B295 (1992) 114. 

[II] D. R. Kaplan, M. J. Savage and M. B. Wise, Nucl. Phys. B478 (1996) 629 and 
references therein; S. R. Beane, T. D. Cohen and D. R. Phillips, Nucl. Phys. A632 

(1998) 445. 

[12] T.-S. Park, K. Kubodera, D.-P. Min and M. Rho, The Power of Effective Field 
Theories in Nuclei: The Deuteron, NN Scattering and Electroweak Processes, Preprint 
KIAS-P98015, |nucl-th/ 9807051 , July 1998. 

[13] T.-S. Park, K. Kubodera, D.-P. Min and M. Rho, The Solar Proton Burning Process 
Revisited In Chiral Perturbation Theory, submitted to ApJ., |astro-ph/9804l44"| , 22 
April 1998. 

[14] G. T. Ewan et al., in SUDBURY NEUTRINO OBSERVATORY PROPOSAL No. 
SNO-87-12 (1987). 

[15] J. N. Bahcall and M. Kamionkowski, Nucl. Phys. A625 (1997) 893. 

[16] T. Eguchi, Phys. Rev. D14 (1976) 2755; K. Kikkawa, Progr. Theor. Phys. 56 (1976) 
947; H. Kleinert, Proc. of Int. Summer School of Subnuclear Physics, Erice 1976, Ed. 
A. Zichichi, p.289. 



110 



[17] A. Dhar and S. R. Wadia, Phys. Rev. Lett. 52 (1984) 959; A. Dhar, R. Shankar and 
S. R. Wadia, Phys. Rev. D31 (1985) 3256; D. Ebert and H. Reinhardt, Nucl. Phys. 
B271 (1986) 188; M. Wakamatsu, Ann. Phys. 193 (1989) 287. 

[18] A. N. Ivanov, M. Nagy and N. I. Troitskaya, Int. J. Mod. Phys. A7 (1992) 7305; 
A. N. Ivanov, Int. J. Mod. Phys. A8 (1993) 853; A. N. Ivanov, N. I. Troitskaya and 
M. Nagy, Int. J. Mod. Phys. A8 (1993) 2027; ibid. A8 (1993) 3425; Phys. Lett. B308 
(1993) 111; ibid. B295 (1992) 308; A. N. Ivanov and N. I. Troitskaya, Nuovo Cim. 
A108 (1995) 555. 

[19] J. Bijnens, C. Bruno and E. de Rafael E., Nucl. Phys. B390 (1993) 501 and references 
therein; J. Bijnens, E. de Rafael and H. Zheng, Z. Phys. C62 (1994) 437 and references 
therein. 

[20] S. Gasiorowicz and D. A. Geffen, Rev. Mod. Phys. 41 (1969) 531 and references 
therein. 

[21] J. Wess and B. Zumino, Phys. Lett. B37 (1971) 95. 

[22] E. Witten, Nucl. Phys. B159 (1979) 269; Nucl. Phys. B223 (1983) 422, 433; G. 
Veneziano, Nucl. Phys. B159 (1979) 213. 

[23] R. B. Wiringa, V. G. J. Stoks and R. Schiavilla, Phys. Rev. C51 (1995) 38 and 
references therein. 

[24] S. L. Adler, Phys. Rev. 177 (1969) 2726; J. S. Bell and R. Jackiw, Nuovo Cim. 
A60 (1969) 47; R. Jackiw, in LECTURES OF CURRENT ALGEBRA AND ITS 
APPLICATIONS, Princeton University Press, Princeton-New Jersey, 1972, pp. 137- 
149. 

[25] I. S. Gertsein and R. Jackiw, Phys. Rev. 181 (1969) 1955. 

[26] S. B. Treiman, R. Jackiw, B. Zumino and E. Witten, in CURRENT ALGEBRA 
AND ANOMALIES, Princeton University Press, Princeton, New Jersey, 1985; R. 
A. Bertlmann, in ANOMALIES IN QUANTUM FIELD THEORY, Oxford Scince 
Publications, Clarendon Press-Oxford, 1996. 

[27] N. N. Bogoliubov and D. V. Shirkov, in INTRODUCTION TO THE THEORY OF 
QUANTIZED FIELDS, Interscience Publisher, Inc. New York, 1959, pp.569-575. 

[28] A. Bramon and F. J. Yndurain, Phys. Lett. B80 (1979) 239. 

[29] J. J. J. Kokkedee, in THE QUARK MODEL, Benjamin, New York, 1979; F. E. 
Close, in AN INTRODUCTION TO QUARKS AND PARTONS, Academic Press, 
New York, 1979. 

[30] A. N. Ivanov and V. M. Shechter, Sov. J. Nucl. Phys., 31 (1980) 275 and references 
therein. 



Ill 



[31] M. L. Goldberger and K. M. Watson, in COLLISION THEORY, John Wiley & Sons, 
Inc., New York-London-Sydney, 1964; J. R. Taylor, in SCATTERING THEORY, 
John Wiley & Sons, Inc., New York-London-Sydney, 1972. 

[32] J. N. Bahcall and M. H. Pinsonneault, Rev. Mod. Phys. 67 (1995) 781; Bahcall et 
al., Phys. Rev. C54 (1996) 411. 

[33] J. N. Bahcall, S. Basu and M. H. Pinsonneault, Phys. Lett. B433 (1998) 1. 

[34] V. Castellani, S. Degl'Innocenti, G. Fiorentini, M. Lissia and B. Ricci, Phys. Rep. 
281 (1997) 309. 

[35] SUPERKAMIOKANDE Collaboration, Y. Suzuki, in Neutrino 98, Proceedings of 
the XVII International Conference on Neutrino Physics and Astrophysics, Takayama, 
Japan, 4-9 June 1998, edited by Y. Suzuki and Y. Totsuka. To be published in Nucl. 
Phys. B (Proc. Suppl.). 

[36] GALLEX Collaboration, P. Anselmann et al., Phys. Lett. B342 (1995) 440; GALLEX 
Collaboration, W. Hampel et al, Phys. Lett. B388 (1996) 364; SAGE Collaboration, 
V. Garvin et al., in Neutrino 98, Proceedings of the XVII International Conference 
on Neutrino Physics and Astrophysics, Takayama, Japan, 4-9 June 1998, edited by 
Y. Suzuki and Y. Totsuka. To be published in Nucl. Phys. B (Proc. Suppl). 

[37] R. Davis, Jr., Progr. Part. Nucl. Phys. 32 (1994) 13; B. T. Cleveland et al., Astrophys. 
J. 496 (1998) 505. 

[38] J. N. Bahcall, in Neutrino Astrophysics, Cambridge University Press, Cambridge, 
New York, 1989. 

[39] S. Degl'Innocenti, G. Fiorentini and B. Ricci, Helioseismology andp+p — > D + e + + z/ c 
in the sun, Preprint INFNFE-06-97, 1997. 

[40] K. B. Mather and P. Swan, in NUCLEAR SCATTERING, Cambridge University 
Press, p.230, 1958. 

[41] J. N. Bahcall, ApJ. 139 (1964) 318; J. N. Bahcall and R. M. May, ApJ. 155 (1969) 
501 and references therein. 

[42] S. Ying, W. C. Haxton and E. M. Henley, Phys. Rev. C45 (1992) 1982. 

[43] M. Doi and K. Kubodera, Phys. Rev. C45 (1992) 1988. 

[44] J. Weneser, Phys. Rev. 105 (1957) 1335; T. Ahrens and T. P. Lang, Phys. Rev. C3 
(1971) 979; J. Hosek and E. Truhlik, Phys. Rev. C23 (1981) 665; F. T. Avignone, 
Phys. Rev. D24 (1981) 778. 

[45] T. L. Jenkins, F. E. Kinard and F. Reines, Phys. Rev. 185(1969) 1599. 

[46] E. Paierb, H. S. Gurr, J. Lathrop, F. Reines and H. W. Sobel, Phys. Rev. Lett. 43 
(1979) 96. 



112 



[47] F. Reines, H. W. Sobel and E. Paierb, Phys. Rev. Lett. 45 (1980) 1307. 

[48] G. S. Vidiakin et al, JETP Lett. 51 (1990) 245; A. G. Vershinsky et al, JETP lett. 
51 (1990) 82. 

[49] F. T. Avignone and Z. D. Greenwood, Phys. Rev. D17 (1978) 154. 
[50] H. C. Lee, Nucl. Phys. A294 (1978) 473; Phys. Lett. B87 (1979) 18. 
[51] C. Caso et al., European Physical Journal C3 (1998) 1. 

[52] G. Breit et al., Phys. Rev. 55 (1939) 1103; H. A. Bethe, Phys. Rev. 76 (1949) 38. 

[53] A. E. Cox, A. R. Wynchank and C. H. Collie, Nucl. Phys. 74 (1965) 497 and references 
therein. 

[54] D. O. Riska and G. E. Brown, Phys. Lett. B38 (1972) 193 and references therein. 

[55] T.-S. Park, D.-P. Min and M. Rho, Phys. Rev. Lett. 74 (1995) 4153; Nucl. Phys. 
A596 (1996) 515. 

[56] V. Bernard, N. Kaiser and Ulf-G. Meissner, Nucl.Phys. A615 (1997) 483. 

[57] C. W. Kim and A. Pevsner, in NEUTRINOS IN PHYSICS AND ASTROPHYSICS, 
Harwood Academic Publishers, Switzerland, 1993 and references therein. 

[58] S. E. Willis et al., Phys. Rev. Lett. 44 (1980) 522. 

[59] C. E. Rolfs and W. S. Rodney, in CAULDRONS IN THE COSMOS, The University 
of Chicago Press, Chicago and London, 1988, p. 338. 

[60] J. M. Blatt and V. F. Weisskopf, in THEORETICAL NUCLEAR PHYSICS, John 
Wiley & Sons, New York Chapman & Hall, Limited London, 1956, pp. 191-208. 

[61] (see [57] p.692.) 

[62] D. Chatellard et al., Phys. Rev. Lett. 74 (1985) 4157; ibid 75 (1995) 3779 (Erratum). 

[63] J. D. Bjorken and S. D. Drell, in RELATIVISTIC QUANTUM MECHANICS, 
McGraw-Hill, New York 1964, p.210. 

[64] A. N. Ivanov, N. I. Troitskaya, M. Faber, M. Schaler and M. Nagy, Nuovo Cim. A107 
(1994) 1667, Phys. Lett. B336 (1994) 555; A. N. Ivanov , N. I. Troitskaya and M. 
Faber, Nuovo Cim. A108 (1995) 613. 



113 



Figure Caption 

Fig. 1. One-nucleon loop diagrams describing the amplitude of the p + p — > D + W + 
transition. The diagram in Fig. lb can be reduced to the diagram in Fig. la by a charge 
conjugation transformation applied to the virtual nucleons. This yields the factor 2 in 
Eq. (C.13). 
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